Key Words combinatorial library, DNA enzyme, in vitro evolution, in vitro selection, ribozyme f Abstract Just as Darwinian evolution in nature has led to the development of many sophisticated enzymes, Darwinian evolution in vitro has proven to be a powerful approach for obtaining similar results in the laboratory. This review focuses on the development of nucleic acid enzymes starting from a population of randomsequence RNA or DNA molecules. In order to illustrate the principles and practice of in vitro evolution, two especially well-studied categories of catalytic nucleic acid are considered: RNA enzymes that catalyze the template-directed ligation of RNA and DNA enzymes that catalyze the cleavage of RNA. The former reaction, which involves attack of a 2Ј-or 3Ј-hydroxyl on the ␣-phosphate of a 5Ј-triphosphate, is more difficult. It requires a comparatively larger catalytic motif, containing more nucleotides than can be sampled exhaustively within a starting population of randomsequence RNAs. The latter reaction involves deprotonation of the 2Ј-hydroxyl adjacent to the cleavage site, resulting in cleaved products that bear a 2Ј,3Ј-cyclic phosphate and 5Ј-hydroxyl. The difficulty of this reaction, and therefore the complexity of the corresponding DNA enzyme, depends on whether a catalytic cofactor, such as a divalent metal cation or small molecule, is present in the reaction mixture.
INTRODUCTION
All of the enzymes that exist in biology are the product of Darwinian evolution based on natural selection. The processes of Darwinian evolution that occur in nature can be recapitulated in the laboratory, leading to the development of artificial enzymes with catalytic properties that conform to selection constraints imposed by the experimenter. Over the past decade this mode of "evolutionary engineering" has become more sophisticated, yet more routine. Many investigators have employed in vitro evolution methods to probe the structure and function of existing enzymes or to develop enzymes with novel catalytic properties. Others have used these methods to study Darwinian evolution itself, taking advantage of the controlled laboratory setting, which provides access to all genotypic and phenotypic parameters.
This review focuses on a subset of activity in the area of directed evolution that is limited to nucleic acid enzymes obtained from a population of randomsequence RNA or DNA molecules. Catalytic nucleic acids have both genotypic and phenotypic properties, greatly simplifying the procedures needed to carry out Darwinian evolution. The same nucleic acid molecules that can be amplified and mutated on the basis of their genetic information content also can be selected on the basis of their functional properties. By starting with a population of randomsequence nucleic acid molecules, one makes no assumptions about the nucleotide composition that is required to achieve a particular catalytic function, allowing an unbiased exploration of "sequence space." Once molecules with crude catalytic activity have been obtained, they can be used as a starting point for further directed evolution experiments, seeking either to refine that activity or to develop molecules with somewhat different catalytic behavior.
Only a few nucleic acid enzymes are known to occur in nature; all of which are RNA enzymes (ribozymes). These include the self-splicing group I and group II introns (1, 2) , the RNA component of RNase P, which cleaves precursor tRNAs to generate mature tRNAs (3) , and the various self-cleaving RNAs, including the "hammerhead," "hairpin," HDV (hepatitis delta virus), and VS (Neurospora Varkud satellite) motifs (4 -7) . In addition, the RNA component of 792 JOYCE the large ribosomal subunit is now recognized to be a ribozyme that catalyzes the peptidyl transferase step of translation (8) . Ribosomal RNA is unique among known naturally occurring ribozymes because it contains several modified nucleotides, although it is not clear if these modifications are essential for catalysis. The U2/U6 snRNA complex within the eukaryotic spliceosome also may be a ribozyme (9) . These two RNA molecules in isolation catalyze an unusual phosphoryl transfer reaction, but the reaction occurs very slowly and may not reflect the natural catalytic activity of the spliceosome.
There are no known DNA enzymes in biology and little opportunity for such catalysts to arise because most biological DNAs are double stranded. Directed evolution has led to the development of a variety of DNA enzymes (DNAzymes) and an even larger number of ribozymes. It also has provided examples of both RNA and DNA enzymes that contain modified nucleotides. Some of these in vitro-evolved nucleic acid enzymes have a functional counterpart among the naturally occurring RNA enzymes, but most catalyze reactions that previously had only been observed among protein enzymes. The chemical diversity and therefore the catalytic potential of nucleic acids are limited compared to that of proteins. Nucleic acids lack a general acid base with a pK a that is near neutral (as in histidine), a primary alkyl amine (as in lysine), a carboxylate (as in aspartate), and a sulfhydryl (as in cysteine). However, the missing functionality can be supplied by employing modified nucleotides or adding a small-molecule cofactor. The directed evolution approach allows one to explore a wide range of chemical possibilities, not necessarily with the aim of imitating natural enzymes, but with the broader goal of understanding what is biochemically feasible.
DIRECTED EVOLUTION METHODS

Selection Based on Catalytic Function
Directed evolution involves first establishing a heterogeneous population of macromolecules and then carrying out repeated rounds of selective amplification based on the physical or biochemical properties of those molecules. In vitro selection is distinguished from in vitro evolution in that the latter also involves the continued introduction of genetic variation through mutation and/or recombination. A critical aspect of directed evolution is the application of an appropriate selection scheme to stringently distinguish molecules that have the desired properties from those that do not. The selection scheme also should be highly sensitive so that even if the desired molecules are very rare in the population, they can be recovered and amplified to give rise to "progeny" molecules. The requirements for stringent selectivity and high sensitivity often are at crosspurposes, challenging the experimenter to devise an appropriate combination of selection pressures to achieve the desired result.
Most of the reactions that have been carried out with in vitro-evolved nucleic acid enzymes involve either bond forming or bond breaking with one reactive group attached to the population of potential catalysts and the other located on a separate substrate or product molecule. Typically the separate molecule also contains a chemical tag, so that a bond-forming reaction results in joining the tag to the catalyst, whereas a bond-breaking reaction results in detaching the tag from the catalyst. A selection procedure is applied that is tag specific, retaining tagged molecules in the case of a bond-forming reaction or rejecting tagged molecules in the case of a bond-breaking reaction.
A simple tag that commonly is employed in the directed evolution of nucleic acid enzymes is an oligonucleotide that can be distinguished on the basis of its size or ability to hybridize to a complementary nucleic acid. As a consequence of a bond-forming reaction, the oligonucleotide becomes attached to the catalyst, allowing active catalysts to be recovered on the basis of their slower gel electrophoretic mobility, hybridization to an oligonucleotide affinity column, or hybridization to a primer that is extended by a polymerase. Conversely, a bond-breaking reaction causes the oligonucleotide tag to be released from the catalyst, allowing active catalysts to be selected on the basis of their faster electrophoretic mobility or detachment from an oligonucleotide affinity column. The stringency of these methods is less than ideal because, for example, anomalous electrophoretic mobility may be indistinguishable from the gain or loss of an oligonucleotide tag. Inventing a false tag or masking an existing tag could have the same consequence as acquiring or detaching a tag, respectively.
Biotin tags also are commonly employed in the directed evolution of nucleic acids. In a bond-forming reaction, the active catalysts become biotinylated, allowing them to be captured using a streptavidin-coated support. In a bondbreaking reaction, the molecules are prebound to streptavidin, and active catalysts become detached from the biotin tag and therefore released from the support. Similar capture and release techniques have been employed for other chemical tags that can be recognized through either covalent or strong noncovalent interactions. There is a risk of false positives with these techniques because the nucleic acid might bind directly to the streptavidin-coated support (or other capture agent) rather than perform the chemistry needed to acquire the tag. The nucleic acid also might bind the tagged molecule rather than react with it, thus becoming captured despite a lack of catalytic activity. Such false positives can be reduced by performing the capture step under denaturing conditions.
Even when the selective tagging scheme is behaving exactly as intended, there still is a risk that the tag will be acquired or lost through a chemical process other than the one that was intended. For example, RNAs selected for the ability to cleave a particular bond that links a biotin tag to their own 5Ј end may instead promote cleavage of an RNA phosphodiester that lies just downstream from the 5Ј end, thus becoming detached from streptavidin and exhibiting electrophoretic mobility similar to that of molecules that performed the desired reaction. These "accidental catalysts" may be interesting in their own right. More often, however, one must apply appropriate countermeasures to prevent the selection of molecules with undesirable traits.
The selected phenotype entails not just the catalytic activity per se but also the range of biochemical properties associated with that activity, including catalytic rate, substrate binding affinity, substrate specificity, and preferred reaction conditions. All of these traits are selectable and can be refined by imposing the appropriate selection constraints. An adage in directed evolution is "you get what you select for," which refers to the totality of selection pressures, both intended and unintended, that are imposed on the evolving population of molecules. By choosing a particular substrate, substrate concentration, temperature, pH, salt concentration, and reaction time, one favors the development of molecules that are optimized for that situation. As evolution proceeds, one may choose to alter the reaction parameters, driving the population toward altered biochemical properties. Commonly, the reaction time is decreased progressively to favor the development of molecules with faster catalytic rates. In addition, the substrate concentration may be reduced to favor an improvement in K m , or the reaction conditions may be altered to favor the development of molecules that are adapted to the modified conditions.
Nucleic Acid Amplification
Once a subset of the population has been selected, the selected molecules must be amplified to generate a progeny population that can be subjected to further rounds of selective amplification. Nucleic acid molecules are amplified most conveniently by the polymerase chain reaction (PCR), employing two oligonucleotide primers and a thermostable DNA polymerase. RNA molecules first must be reverse transcribed to a complementary DNA (cDNA), and the PCR products must be transcribed to generate the progeny RNAs. DNA molecules can be amplified directly, but the double-stranded PCR products must be separated, and the functional strand must be isolated by either gel electrophoresis or affinity chromatography.
Nucleic acids also can be amplified in an isothermal reaction that employs both a reverse transcriptase and a DNA-dependent RNA polymerase (10) . This method utilizes two oligonucleotide primers, one that binds to the 3Ј end of the RNA and initiates cDNA synthesis and another that binds to the 3Ј end of the cDNA and introduces a promoter sequence for the DNA-dependent RNA polymerase. Isothermal amplification is especially advantageous for copying RNA because it entails repeated cycles of reverse and forward transcription in a common reaction mixture. Unlike PCR amplification, however, isothermal amplification does not generate double-stranded DNA products that are directly amenable to cloning.
In principle, a third method for nucleic acid amplification would be to clone the selected molecules into bacterial (or eukaryotic) cells, allow the cells to reproduce, and then harvest the amplified DNA (which may be transcribed to RNA). This is a common approach for the directed evolution of protein enzymes, but it is unnecessarily cumbersome for nucleic acids and limits the population size to the number of transformed cells, typically 10 6 -10 8 individuals. By
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EVOLUTION OF NUCLEIC ACID ENZYMES contrast, in vitro amplification methods are applied routinely to populations of 10 12 -10 14 individuals and require only about one hour to perform. Any amplification method risks the introduction of uncontrolled selection pressures, for example, the pressure to avoid any sequence that is not copied efficiently by the polymerase or that causes mishybridization of one of the primers. By defining particular primer binding sites at the ends of the nucleic acid molecules, one can change the outcome of a directed evolution experiment. Some molecules will arise that utilize these defined residues as either part of their catalytic apparatus or to help achieve their folded structure. Other potential catalysts will be excluded because they engage in an undesirable interaction involving the defined residues. There are methods for detaching the primer binding sites prior to the reaction and for reattaching them prior to amplification, but these methods are tedious and not routinely practiced. More commonly, if one wishes to avoid catalysts that are dependent on a particular primer binding site, the sequence of that site can be altered during the course of evolution.
It is important to recognize that nucleic acid amplification in the context of directed evolution has a different character than when it is carried out as a standard analytical or preparative procedure. In a directed evolution experiment, one typically carries out 10 -20 successive rounds of selective amplification, each involving about 10 6 -fold amplification. In one extreme case, an evolving population of RNA enzymes underwent an overall amplification of more than 10 700 -fold. Iterative amplification of this magnitude normally would give rise to overwhelming artifacts. It is not unusual to carry out a "nested" PCR, involving two successive PCR amplifications, but no one would be so foolhardy as to attempt 10 -20 successive PCR amplifications. Directed evolution experiments are different because a selection step is imposed between successive amplification steps, thereby ridding the population of artifacts that do not conform to the selection criteria. In practice, however, directed evolution involves an ongoing battle between the generation of amplification artifacts that subvert the selection process and the development of molecules that exhibit the desired catalytic properties.
Introduction of Genetic Diversity
RANDOM-SEQUENCE LIBRARIES
Genetic diversity is introduced at the start of a directed evolution experiment by creating a combinatorial library of macromolecules. Diversity also can be introduced at any round of evolution by performing amplification under error-prone conditions or by carrying out a separate mutagenesis or recombination procedure. The simplest way to generate a combinatorial library of nucleic acids is to prepare random-sequence DNA molecules using an automated DNA synthesizer. Ideally the four deoxynucleoside phosphoramidites should be premixed at a ratio that compensates for their differential coupling efficiency, ensuring their equal representation in the synthesized library. RNA molecules can be transcribed from random-sequence DNA templates, which results in 10-to 1000-fold amplification due to the ability of RNA 796 JOYCE polymerase to produce multiple RNA transcripts per DNA template. Even when generating a library of DNA molecules, one typically carries out a few cycles of PCR amplification, thus replacing the synthetic DNA with biochemically prepared DNA that does not contain residual protecting groups or other chemical lesions.
The number of possible sequences for a nucleic acid of length n is 4 n (ϳ10 0.6n ). Thus a combinatorial library of one copy each of all possible 25mers would contain about 10 15 molecules, or about 1 nmol of material. This is close to the limit of what can be produced using conventional methods, especially if one wishes to have an average of 10 -100 copies of each sequence so that, allowing for sampling statistics, almost all sequences are represented in the population. It may not be possible, however, to achieve certain catalytic functions with nucleic acid molecules that contain only 25 residues. Thus combinatorial libraries of larger random-sequence molecules often are prepared with the realization that such libraries contain only a very sparse sampling of all possible sequences. One proceeds on the assumption that there are many possible sequences with the desired activity, so that even a sparse sampling will contain at least a few of them.
Modern automated DNA synthesizers allow the synthesis of up to about 120mers, although the yield of amplifiable DNA molecules deteriorates significantly for lengths above 100. Thus, allowing for primer binding sites of 15-20 nucleotides at each end of the DNA, the maximum number of random nucleotides that can be included within a synthetic DNA molecule is about 80. Two or more such DNA molecules can be assembled by overlap extension or ligation, although this usually requires a region of fixed-sequence nucleotides at the site of overlap or surrounding the ligation junction. There are other methods for generating populations of long, random-sequence nucleic acids that surprisingly have not been applied in directed evolution. For example, one could extend a DNA primer in a template-independent polymerization reaction using terminal transferase and the four deoxynucleoside 5Ј-triphosphates (dNTPs). Alternatively, one could generate random-sequence RNAs employing polynucleotide phosphorylase and the four ribonucleoside 5Ј-diphosphates.
MUTAGENESIS
In vitro evolution requires the continued introduction of genetic diversity to compensate for the loss of diversity due to selection. Maintaining diversity allows for a broader exploration of potentially advantageous sequences. A more important but subtle point is that the introduction of diversity will be biased by what has proven selectively advantageous during previous rounds of evolution, and assuming that related sequences tend to encode related behaviors, this will lead to the preferential exploration of nucleic acid sequences that are more likely to result in an improved phenotype. The more advantageous sequences will tend to be present in greater copy number because a larger fraction of the copies of the parental molecules will have performed the target reaction and thus give rise to a larger number of corresponding progeny. If the generation 797 EVOLUTION OF NUCLEIC ACID ENZYMES of progeny molecules is accompanied by the introduction of genetic diversity, then the exploration of novel variants will be biased toward the neighborhood of more abundant and therefore more advantageous molecules.
An extreme version of historical bias would be to choose the one sequence that has proven most advantageous during previous rounds of evolution, perhaps by conducting a high-throughput screen, and use it as the sole breeding stock to generate variant progeny. This is colloquially referred to as "declaring wild type." It allows one to prepare a new combinatorial library by automated DNA synthesis or some other means. The problem with this approach is that the correlation between related genotypes and related phenotypes is not absolute. The most advantageous individual at present may reflect a local optimum that does not provide access to other still more advantageous individuals, whereas one of the less advantageous individuals at present may offer the best route to the evolution of the desired phenotype. Of course one should not place all bets on a less advantageous individual because such an individual is even less likely than the most advantageous individual to lead to molecules with improved catalytic behavior. Instead, one should place bets across the entire population with the size of the bet for each sequence proportional to its demonstrated selective advantage. This occurs automatically when the entire population is mutagenized because of the proportional relationship between selective advantage and copy number.
The most common method for introducing genetic diversity during in vitro evolution is error-prone PCR. There are several standardized protocols that utilize either altered reaction conditions or a mutant thermostable DNA polymerase to promote the incorporation and extension of mismatched nucleotides. One procedure for mutagenic PCR achieves an error rate of 0.66% per nucleotide position with roughly equal probability of all possible transitions and transversions (11) . Compared to standard PCR, this procedure employs an increased concentration of Taq DNA polymerase, added MnCl 2 , increased concentration of MgCl 2 , and unbalanced concentrations of the four dNTPs. There also is a "hypermutagenic" PCR procedure that achieves an error rate of about 10% per nucleotide position with only modest sequence bias, but it has a greatly increased risk of introducing amplification artifacts (12) . This method also employs added MnCl 2 and increased concentration of MgCl 2 but relies on more heavily unbalanced concentrations of the four dNTPs and 50 rather than 30 temperature cycles. Yet another procedure utilizes standard PCR conditions but a mutant thermostable DNA polymerase (Mutazyme™) that provides an error rate of up to 0.7% per nucleotide position over the course of the PCR (13) . It generates a broad spectrum of mutations, although with a substantial preference for transitions over transversions.
The distribution of mutations following a mutagenesis procedure can be estimated on the basis of the binomial distribution. For a sequence of length n that is mutagenized with an error rate , the probability of introducing k mutations is given by:
For example, a target sequence of 100 nucleotides that is subjected to mutagenic PCR ( ϭ 0.0066) would give rise to about 52% wild-type sequences, 34% one-error mutants, 11% two-error mutants, 2% three-error mutants, and so on. The number of different sequences in each error class is given by
Thus for the target sequence of 100 nucleotides, there are 300 different one-error mutants, 44,550 two-error mutants, 4,365,900 three-error mutants, and so on. A mutagenized population of 10 15 molecules will contain about 10 12 copies of each of the possible one-error mutants, 10 9 copies of each of the two-error mutants, 10 7 copies of each of the three-error mutants, and so on. All possible mutants containing five errors or less would be represented in the population, but only about 6% of the six-error mutants would be present as even a single copy, with ever sparser representation of the higher error classes.
RECOMBINATION
A different approach for the introduction of genetic diversity involves in vitro recombination. It has long been possible to shuffle segments of a gene or gene family by taking advantage of restriction sites or primer binding sites that flank those segments. Through either restriction digestion or primer extension at internal sites, the gene can be broken down into component segments, which then can be reassembled in various combinations by either ligation or polymerase-mediated overlap extension. An important advance in recombination technology was the development of "sexual PCR," which involves fragmenting the gene in a random manner, then allowing the fragments to serve as primers for each other to reassemble shuffled versions of the gene (14) . This technique does not require knowledge of the gene sequence and thus can be applied to entire populations of nucleic acid molecules.
Sexual PCR has been widely used in the directed evolution of proteins but almost neglected in the directed evolution of nucleic acids. Recombination appears to be more important for proteins than nucleic acids because proteins have an inherent domain structure and are composed of 20 different subunits that prevent complete representation of mutants beyond the three-error class. By this same argument, however, recombination might be useful for the evolution of large nucleic acid enzymes that are composed of multiple subdomains. It also could be used as a technique for genetic backcrossing, recombining an evolved population with its wild-type progenitor to weed out neutral mutations and retain those that confer selective advantage. Some recombination occurs inevitably during nucleic acid amplification due to template switching by the polymerase or the formation of partial extension products that subsequently are completed on a different template molecule. Such spontaneous recombinants have been observed among in vitro-evolved nucleic acid enzymes, suggesting that it may be useful to carry out recombination in a more purposeful manner.
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Analysis of Populations of Evolved Enzymes
Darwinian evolution is an open-ended process, and in that sense, the directed evolution of a nucleic acid enzyme is never finished. In practice, a directed evolution experiment is considered completed when the desired catalytic properties have been attained or when the selection process fails to bring about further improvement in phenotype. One usually carries out a tracking assay to monitor the behavior of the evolving population. Such assays can be misleading, however, and until individual molecules have been cloned from the population and studied in isolation, the observed phenotype should be viewed with skepticism.
The isolated individuals are sequenced and tested for their catalytic activity. There usually is a strong correlation between the abundance of a particular sequence and its associated level of catalytic activity, although this relationship may be disrupted by unintended selection pressures that do not pertain to catalytic function. A sequence alignment usually helps to define a consensus sequence and to indicate conserved residues that are important for catalysis. In some cases, sequence covariation may be observed that is indicative of conserved secondary structural elements. Hypotheses regarding the essential composition of the catalytic motif can be tested by site-directed mutagenesis and deletion analysis.
Most investigators carry out a reselection procedure in which a dominant clone or a molecule that corresponds to the consensus sequence is partially randomized and subjected to additional rounds of selective amplification. This is an example of declaring wild type, although the goal is to define more precisely the catalytic motif based on allowable sequence variation, rather than to seek further improvement in catalytic activity. An exception is when additional rounds of selective amplification that are applied to the entire population fail to give further improvement in phenotype because individuals exist within the population that circumvent the selection constraints. In that case, it may be preferable to start fresh with a single, well-behaved individual.
Once the catalytic motif has been defined, rational design approaches often are used to convert the "cis-acting" catalyst to a true enzyme that can operate with multiple turnovers on a separate substrate. Recall that during the evolution process one of the reactive groups for either bond forming or bond breaking is attached to the catalyst. This allows reactive molecules to be self-modifying so that they can be distinguished for selective amplification. A true enzyme, however, must be left unchanged following the reaction so that it can enter another catalytic cycle. It usually is straightforward to convert a self-modifying catalytic nucleic acid to one that operates on a separate substrate simply by dividing the catalyst at an appropriate phosphodiester linkage and leaving a few nucleotides attached to the reactive group. It is less trivial to separate the reactive group so that it has no attached nucleotides. This outcome can be made more likely by varying the sequence of the nucleotides adjacent to the reactive group during the course of in vitro evolution.
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RNA LIGASE RIBOZYMES EVOLVED FROM RANDOM-SEQUENCE RNAS
The principles of directed evolution described above have been applied to the development of many different nucleic acid enzymes. This section considers one category of in vitro-evolved ribozymes, which catalyze the template-directed ligation of RNA. There are several examples of RNA ligase ribozymes, some of which have been studied in considerable detail. Unfortunately, there is no reported atomic-resolution structure of any of these (or any other) in vitroevolved nucleic acid enzymes.
The Class I, II, and III Ligase Ribozymes
The first examples of ribozymes evolved from random-sequence RNAs were reported more than 10 years ago (15) . They catalyze the ligation of an oligonucleotide substrate to the 5Ј end of the ribozyme, directed by an internal template region. The reaction involves attack of the terminal 2Ј-or 3Ј-hydroxyl of the substrate on the ␣-phosphate of the 5Ј-triphosphate of the ribozyme, forming a phosphodiester linkage and releasing inorganic pyrophosphate. This reaction has special interest because it is analogous to the reaction carried out by an RNA-dependent RNA polymerase.
The evolutionary search for RNA ligase ribozymes began with a starting population of about 10 copies each of 10 15 different RNA molecules. All of the molecules contained a central region of 220 random-sequence nucleotides flanked by fixed primer binding sites (15) . There are 4 220 (ϭ 10 132 ) possible 220mer sequences. Thus only a minute fraction (10 Ϫ117 ) of all possible sequences were represented in the starting population, although those molecules contained all possible subsequences up to a length of 28 nucleotides. The starting population was constructed from three synthetic 110mer DNAs that were amplified by PCR, trimmed by restriction digestion, ligated together, subjected to four cycles of PCR amplification, and then transcribed to generate RNA.
The selection scheme was chosen on the basis of acquisition of a tag sequence through ligation of the oligonucleotide substrate to the 5Ј end of the ribozyme (15) . The tag was recognized first by hybridization to an oligonucleotide affinity column and then, following elution from the column and reverse transcription, by hybridization of a PCR primer to corresponding nucleotides within the cDNA. Random mutations were introduced by mutagenic PCR following the fourth, fifth, and sixth rounds of selective amplification. Selection pressure was maintained by progressively decreasing the reaction time, starting with 16 h in the first round and ending with 10 min in the tenth round. In addition, the concentration of MgCl 2 in the reaction mixture was decreased during the last three rounds.
Following the tenth round, individuals were cloned from the population, sequenced, and tested for catalytic activity (16) . About two thirds of these fell into a single family of closely related sequences, which was recognized to be part 801 EVOLUTION OF NUCLEIC ACID ENZYMES of a larger class of ribozymes (class II ligases) that dominated the population. All of the members of this class share a conserved secondary (and presumed tertiary) structure based on about 50 nucleotides. They catalyze formation of a 2Ј,5Ј-phosphodiester linkage with an observed rate of about 0.1 min Ϫ1 . Another class of ribozymes (class III ligases) has a different conserved structure based on about 80 nucleotides. They too catalyze formation of a 2Ј,5Ј-phosphodiester linkage but with an observed rate of only 0.005 min Ϫ1 . A third class of ribozymes (class I ligases) constitutes less than 10% of the population and forms yet another conserved structure based on about 110 nucleotides. Members of this class catalyze formation of a 3Ј,5Ј-phosphodiester linkage with an observed rate of about 0.2 min Ϫ1 . Because they form the biologically relevant 3Ј,5Ј linkage with a rate enhancement of about 10 6 -fold compared to the uncatalyzed reaction, the class I ligases have been the subject of many further studies, which will be discussed below.
In retrospect, there was little selection pressure favoring RNAs that catalyze formation of a 3Ј,5Ј compared to a 2Ј,5Ј linkage because reverse transcriptase can traverse a single 2Ј,5Ј linkage without difficulty. Even during the last rounds of selective amplification, when the reaction time was reduced to 10 min, there would have been only a slight selective advantage for class I compared to class II ligases. Thus domination of the final population by class II ligases can be rationalized on the basis of their relatively simple composition, which makes them more evolutionarily accessible compared to the more complex class I ligases. It is difficult, however, to explain why the weakly reactive class III ligases were not weeded out during the latter rounds of selection. Presumably they enjoyed some other selective advantage not directly attributable to catalytic performance, such as a propensity to be amplified very efficiently.
A clonal isolate of the original class I ligase was truncated at both ends to give a 186-nucleotide RNA that retained a catalytic rate of 0.029 min Ϫ1 (measured in the presence of 60 mM MgCl 2 and 200 mM KCl at pH 7.4 and 22°C) (16) . This truncated molecule was used to declare wild type ( Figure 1 ) and to generate a new starting population of 10 14 variants that contained random mutations at a frequency of about 20% per nucleotide position (17) . These were subjected to four additional rounds of selective amplification, using the same selection scheme as before, then again cloned, sequenced, and tested for catalytic activity. On the basis of the consensus sequence of the isolated clones, various constructs were designed and tested, one of which (designated b1-207) exhibited a catalytic rate of 14.4 min Ϫ1 (measured under the same conditions as above). The catalytic rate of this ribozyme increases log-linearly with increasing pH over the range of 5.7-7.0 (18). Its activity is strongly dependent on the presence of Mg 2ϩ with an apparent requirement for at least five Mg 2ϩ ions (19) . Most of these are bound with a K d of Ͻ2 mM, but there is one Mg 2ϩ binding site with an apparent K d of 70 -100 mM.
The b1-207 ligase ribozyme was used to declare wild type once again ( Figure  1 ). Two different research groups then initiated in vitro evolution experiments 802 JOYCE beginning with a population of randomized variants of this ribozyme. In one case, the goal was to establish a system for continuous in vitro evolution of catalytic function (20) . In contrast to standard stepwise evolution, continuous evolution combines the processes of selection, amplification, and diversification within a common reaction mixture. The other research group sought to use in vitro evolution to convert the RNA ligase to an RNA polymerase that operates on an external RNA template (21) , an activity that is central to the notion of RNA-based life (the so-called RNA world). Both efforts were successful and led to several interesting follow-up studies. 
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Continuous In Vitro Evolution
The continuous evolution system requires the ribozyme to ligate a chimeric DNA-RNA substrate that has the sequence of the promoter element for a DNA-dependent RNA polymerase (20) . Following reverse transcription, cDNAs derived from reacted (but not unreacted) ribozymes contain a functional promoter element that, in the presence of the cognate RNA polymerase, gives rise to progeny RNAs. The ligation junction at the RNA level corresponds to the transcription start site at the DNA level, and the inorganic pyrophosphate released at the time of ligation is restored as the ␤-and ␥-phosphates of the NTP that becomes the first residue of the ribozyme. Amplification results from the ability of the RNA polymerase to generate multiple copies of RNA per copy of DNA template. All of these events occur under a common set of conditions and can be repeated indefinitely, so long as there is a supply of the substrate and other components of the evolution system.
The b1-207 ribozyme was unable to ligate the chimeric DNA-RNA substrate, even under optimal reaction conditions. This ribozyme was used to generate a population of 10 14 variants that contained random mutations at a frequency of about 8% per nucleotide position (20) . Fifteen rounds of stepwise evolution were carried out, selecting for activity with the chimeric substrate in the presence of 60 mM MgCl 2 and 200 mM KCl at pH 8.5 and 24°C. The first round employed a biotinylated substrate that allowed reacted molecules to be selected on the basis of binding to a streptavidin-coated support. In subsequent rounds, the reacted molecules were selected simply by reverse transcription followed by forward transcription, exploiting the fact that only ligated molecules contained the sequence of the promoter required for transcription. As a precaution against false positives, the full-length cDNA was isolated by polyacrylamide gel electrophoresis during the fifth, tenth, and fifteenth rounds; then it was PCR amplified and transcribed rather than being amplified by transcription alone.
Individual clones isolated following the fifteenth round were able to react with the chimeric substrate at a rate of about 0.1 min Ϫ1 (measured under the same reaction conditions employed during in vitro evolution) (20) . Their activity was substantially reduced, however, under the conditions required for continuous evolution. The population then was subjected to 100 rounds of reaction followed by selective amplification, while closing the gap between the reaction conditions used previously and those required for activity of the reverse transcriptase and RNA polymerase enzymes employed during continuous evolution (25 mM MgCl 2 and 50 mM KCl at pH 8.5 and 37°C). Following this procedure, the population as a whole was able to react with the chimeric substrate under the desired reaction conditions with an observed rate of Ͼ1 min
Ϫ1
. A typical clone isolated from the population contained 17 mutations relative to the b1-207 ribozyme and had an observed rate of about 10 min Ϫ1 . The population of ribozymes that resulted from the procedure described above was used to initiate continuous evolution (20) . These molecules were incubated 804 JOYCE together with the chimeric substrate, the primer used to initiate cDNA synthesis, reverse transcriptase, the four dNTPs, RNA polymerase, and the four NTPs. In order to be amplified, the ribozyme molecules were required to carry out the ligation reaction before they were rendered inactive by reverse transcription. After one hour, a small aliquot of the continuous evolution mixture was transferred to a fresh reaction vessel that contained all of the above components, seeded by whatever ribozyme molecules were present in the aliquot. This is a much more powerful mode of selection compared to what can be achieved with stepwise evolution because a successful catalyst has the opportunity to give rise to several successive generations of progeny prior to each transfer step. The faster the catalyst, the shorter its generation time, providing an exponential advantage in copy number compared to slower catalysts.
The first continuous evolution experiment involved 100 successive transfers carried out over a period of 52 h, using 0.1% of each mixture to seed the next (20) . During this time, ϳ300 successive catalytic events occurred, and there was a substantial improvement in the catalytic efficiency, and therefore the "growth rate," of the evolving population. Following the one hundreth transfer, individual clones were isolated, sequenced, and tested for catalytic activity. A typical clone (designated E100-3) contained 29 mutations relative to the b1-207 ligase ribozyme and exhibited a k cat of 21 min Ϫ1 and K m of 1.7 M (measured in the presence of 25 mM MgCl 2 and 50 mM KCl at pH 8.5 and 37°C). This ribozyme has a doubling time of 1.5 min in the continuous evolution mixture, increasing its copy number by one log-unit every 5 min.
Further continuous evolution experiments have been carried out, starting with either randomized variants of the E100-3 ligase or the entire population of ribozymes obtained after the one hundredth transfer ( Figure 1 ). In one study, the E100-3 ligase was randomized at a frequency of 8% per nucleotide position, then subjected to 16 successive transfers of continuous evolution with a 1000-fold dilution between transfers (22) . During this time, the concentration of MgCl 2 in the evolution mixture was steadily reduced, starting with 25 mM and ending with 15 mM. Individual clones were isolated following the sixteenth transfer, and one sequence was found to dominate the population (designated B16-19). It contains nine mutations relative to the E100-3 ligase and exhibits improved activity, in the presence of either 10 or 25 mM MgCl 2 , compared to the E100-3 ligase. This improvement was due largely to improved folding characteristics of the B16-19 ribozyme, especially at lower concentrations of MgCl 2 .
Another study began with variants of the E100-3 ligase that were randomized at a frequency of 10% per nucleotide position, then evolved in a continuous manner for the ability to withstand attack by an RNA-cleaving DNA enzyme (23) . The DNA enzyme was directed to cleave the internal template region of the ribozyme, thus preventing the ribozyme from carrying out the ligation reaction. In the presence of 0.1 M DNA enzyme, most of the ribozyme population was destroyed, but some survivors were carried forward in the 0.1% aliquot that was used to seed the next evolution mixture. Continuous evolution was carried out for 805 EVOLUTION OF NUCLEIC ACID ENZYMES 40 successive transfers, progressively increasing the concentration of the attacking DNA enzyme. By the end of this process the ribozymes were able to react and amplify efficiently in the presence of 10 M DNA enzyme. They could amplify as efficiently in the presence of 10 M DNA enzyme as the E100-3 ligase could in its absence.
The biochemical mechanism for the development of resistance to the DNA enzyme can be understood by examining the sequence and kinetic properties of the evolved ribozymes (23) . They all contain three mutations (plus two compensatory mutations) located on either side of the internal template region, which cause the DNA enzyme to operate with a 10-fold lower k cat and 200-fold higher K m . Some of the evolved ribozymes also contain a constellation of mutations that caused a threefold improvement in the K m of the ribozyme for its own RNA substrate. This allows the ribozymes to be more completely saturated with the substrate, protecting them from being bound at the same nucleotide positions by the DNA enzyme.
Another continuous evolution experiment sought to develop RNA ligase ribozymes that could operate under conditions of extreme pH (24) . A previous study had shown that randomized variants of the b1-207 ribozyme could be evolved to operate at pH 4.0, albeit with a catalytic rate of only 10 Ϫ4 min Ϫ1 (25) . The E100-3 ribozyme was mutagenized at a frequency of 10% per nucleotide position, and two evolutionary lineages were initiated, progressing gradually to either higher-or lower-pH conditions (24) . Over the course of 66 transfers, the low-pH lineage reached pH 5.8, while over the course of 47 transfers the high-pH lineage reached pH 9.8. More extreme conditions could not be explored because they would have been incompatible with the activity of the reverse transcriptase and RNA polymerase used in the continuous evolution system. An evolved low-pH ribozyme exhibited a catalytic rate of 3.3 min Ϫ1 at pH 5.8, compared with a rate of 0.31 min Ϫ1 for the E100-3 ribozyme. An evolved high-pH ribozyme retained its structural integrity and activity under such strongly denaturing conditions, whereas the E100-3 ribozyme became denatured and had no detectable activity.
A final example of continuous in vitro evolution involved experiments that sought to address the classic question of recurrence in evolutionary biology (26) . If one carries out multiple replicates of the same evolution experiment, will the results be similar, or will it prove impossible to replay the tape? Once again, the starting population consisted of variants of the E100-3 ribozyme that had been randomized at a frequency of 8% per nucleotide position. Thirteen parallel lineages were initiated, four in which the concentration of MgCl 2 in the evolution mixture was maintained at 25 mM, five in which it was decreased progressively from 25 to 15 mM, and four in which it was decreased progressively from 25 to 15 mM, and the concentration of substrate was reduced fourfold. Each lineage was carried for 15 successive transfers with a 1000-fold dilution between transfers. Surprisingly, the same constellation of nine mutations that were seen in the B16-19 ligase ribozyme (discussed above) arose in all 13 lineages and eventually came to dominate the population. These mutations occurred as a group, accompanied by several low-frequency mutations that appeared variably among the clones.
The B16-19 ribozyme represents a deep local fitness optimum. Seven of the nine mutations that it contains are present in the DNA-enzyme-resistant ribozymes, and eight of the nine mutations are present in both the low-pH and high-pH ribozymes, although these ribozymes contain other critical mutations that are not present in the B16-19 ribozyme. As noted above, the nine recurrent mutations improve the ability of the ligase ribozyme to fold into an active conformation, which confers a selective advantage under a broad range of reaction conditions.
The above examples illustrate both the strengths and weaknesses of continuous in vitro evolution. It is a powerful method that allows one to carry out tens to hundreds of generations per day. It is methodologically very simple, allowing one to "culture" populations of ribozymes in the same way that one cultures populations of bacteria. In fact, it is provided as a laboratory exercise in the Biological Sciences Curriculum Study undergraduate college curriculum program (27) . However, the method only applies to ribozyme-catalyzed reactions that result in attachment of a particular oligonucleotide to the 5Ј end of the ribozyme via a linkage that can be traversed by reverse transcriptase. There may be chemistries other than RNA ligation that meet this requirement, but so far none have been demonstrated in the context of continuous evolution. The method also is limited to reaction conditions that are compatible with the operation of reverse transcriptase and RNA polymerase. Perhaps the greatest value of continuous in vitro evolution is that it allows one to address fundamental issues in evolutionary biology, such as the development of resistance or the possibility of recurrence. One can control all of the relevant evolutionary parameters, such as population size, sequence diversity, and selection pressure. In addition, one has complete access to the genotype and phenotype of individuals in the population throughout the course of evolution.
From Ligase to Polymerase
As noted previously, there is special interest in the template-directed ligation of RNA because of its relevance to the activity of an RNA-dependent RNA polymerase. The class I ligase and its descendents catalyze what can be regarded as the template-directed extension of an oligonucleotide primer through the addition of an NTP, where the NTP is represented by the first residue of the ribozyme. Indeed, the guanosine 5Ј-triphosphate (GTP) at the 5Ј end of the ribozyme can be replaced by free GTP, which is added to the 3Ј end of the template-bound substrate with a k cat of 0.3 min Ϫ1 and K m of 5 mM (28). The three noncomplementary NTPs are added about 1000-fold less efficiently, but if the templating residue of the ribozyme is changed to A, G, or U, then the reaction becomes specific for UTP, CTP, or ATP, respectively. The efficiency of nucleotide addition is lowest for UTP, presumably due to its weaker base pairing 807 EVOLUTION OF NUCLEIC ACID ENZYMES and base stacking interactions compared to the other three NTPs. The specificity of addition is lowest for ATP because of the competing addition of GTP that occurs as a result of wobble pairing with a templating U residue.
Surprisingly, the template region of the ribozyme could be expanded by two residues, allowing the template-directed addition of three successive NTPs (28) . This was achieved without any further in vitro evolution. Various combinations of NTPs could be added, demonstrating the ability of the ribozyme to operate in a generalized manner within the context of Watson-Crick pairing between the template and incoming nucleotide. However, the second and third NTP additions were much slower than the first, and it was not possible to expand the template region by more than two added residues.
The road to a more robust RNA polymerase ribozyme required 18 additional rounds of in vitro evolution and considerable screening of individual clones (21) . The starting point was the b1-207 form of the class I ligase, which was modified in several ways ( Figure 2 ). First, 24 nucleotides, including the internal template region, were deleted from the 5Ј end of the ribozyme. The template instead was supplied as a separate oligonucleotide, and another oligonucleotide was added to replace seven deleted residues that normally form part of an essential stem structure. Second, nucleotides that were intended to serve as the primer were tethered to the 5Ј end of the ribozyme via an oligonucleotide linker and an unusual 5Ј,5Ј-phosphodiester linkage. This made the 3Ј end of the primer available for RNA-catalyzed extension. Third, 76 random-sequence nucleotides were attached to the 3Ј end of the ribozyme, providing an opportunity to develop an accessory domain that would facilitate RNA polymerization. Fourth, two nonconserved loops within the ligase were replaced by random-sequence nucleotides. Fifth, the remainder of the ribozyme was either left unchanged or mutagenized at a degeneracy of 3%, 10%, or 20%, and a starting population of 10 15 individuals was constructed by mixing equal portions of these four pools of molecules.
The selection scheme required the ribozyme to bind the external template through interaction with the attached primer, then catalyze the addition of one or more NTPs onto the 3Ј end of the primer (21) . The NTPs were tagged either as 4-thiouracil or N6-biotinyl-adenine, which could be recognized by their interaction with N-acryloyl-aminophenylmercuric acetate or streptavidin, respectively. Ten rounds of in vitro evolution were carried out, employing two different primer-template combinations and three different downstream template sequences in an effort to maintain sequence generality. The reaction time was reduced progressively from 36 h to 1 h over the first five rounds, during which the ribozyme was required to add a single 4-thiouracil residue. During the sixth through eighth rounds, the reaction time was increased, and the molecules were challenged to add both 4-thiouracil and N6-biotinyl-adenine residues. During the tenth round, the ribozymes were allowed 20 h to add a single 4-thio-uracil residue. Modified form of the ribozyme that was used to initiate evolution. The template (blue) was supplied as a separate oligonucleotide, the primer (red) was tethered to the 5Ј end of the ribozyme via a 5Ј,5Ј-phosphodiester linkage, and one or more of the NTPs (pppN) were tagged to allow selection of active polymerase ribozymes. Random-sequence nucleotides (green) were attached to the 3Ј end of the ribozyme and in place of two of the internal loop regions. (c) Secondary structure of the resulting RNA polymerase ribozyme.
EVOLUTION OF NUCLEIC ACID ENZYMES
Individuals were cloned from the population following the eighth, ninth, and tenth rounds, sequenced, and tested for catalytic activity. Among 74 clones that were sequenced, 23 different sequence families were identified. Remarkably, only one of these (designated 10.2) had the ability to extend the primer efficiently using both UTP and ATP (21) . Most of the cloned individuals operated in a template-independent manner or became tagged by NTP addition at a position other than the 3Ј end of the primer. The one desirable individual could operate on a variety of primer-template combinations, even when the primer was detached from the ribozyme. It does not contain any mutations within the original ligase domain, but it had acquired an accessory domain, essential for its catalytic activity, derived from the 76 random-sequence nucleotides. Surprisingly, the 10.2 ribozyme is much less efficient in incorporating N6-biotinyl-ATP compared to unmodified ATP, even though biotinylated ATP was employed during in vitro evolution.
In retrospect, the sixth through eighth rounds of evolution may have been counterproductive to the goal of developing a robust RNA polymerase ribozyme. The greatly increased reaction time and the requirement to acquire a biotin tag by whatever means possible may have allowed rogue molecules to become dominant in the population. Fortunately, a single desirable individual was isolated following the tenth round. At that point there was little choice but to declare wild type before proceeding with additional rounds of evolution.
The 10.2 ribozyme was randomly mutagenized to construct a population of 10 15 variants (21). The original ligase domain was either left unchanged or mutagenized at a degeneracy of 3%; the accessory domain and two nonconserved loops within the original ligase domain were mutagenized at a degeneracy of 20%, and 17 nucleotides were added to the 3Ј terminus to provide a novel binding site for the primer used to initiate cDNA synthesis. Eight more rounds of in vitro evolution were carried out, requiring the molecules to add at least two 4-thiouracil residues. Three different primer-template combinations and four different downstream template sequences were employed in an effort to maintain sequence generality. During the last four rounds, the concentration of 4-thio-UTP was reduced from 1 to 0.1 mM, and ATP, CTP, and GTP were added at 2 mM each. No attempt was made to tag any NTP other than UTP.
Individuals were isolated from the population following the fourth and eighth rounds. Most were found to have no detectable polymerase activity, but some showed substantially improved activity compared to the 10.2 ribozyme. One individual in particular (designated 18.12) was highly adept at extending a primer on a long template (21) . On the basis of sequence comparison with other active individuals, the 18.12 ribozyme was modified in various ways. A variant was constructed (designated 18.12.23) that contains 189 nucleotides, 31 fewer than the 18.12 ribozyme, and has even greater polymerase activity. It can extend a detached primer on an external template molecule by up to 14 nucleotides, exhibiting both sequence generality and high fidelity. The overall fidelity of polymerization is 96.7% in the presence of 4 mM each of the four NTPs. The 810 JOYCE fidelity is lowest for ATP addition because of competing addition of GTP due to wobble pairing.
The 18.12.23 ribozyme can be regarded as a general, RNA-dependent RNA polymerase; one of the greatest achievements in directed molecular evolution. Its catalytic rate for NTP addition is at least 1.5 min Ϫ1 . However, the ribozyme has weak affinity for the primer-template complex with a K d of 700 M or higher, depending on the choice of primer and template (29) . For one well-studied primer-template combination, the on rate is at least 6400 M -1 ⅐ min Ϫ1 and the off rate is at least 4.5 min
Ϫ1
. Normally, the ribozyme is made to operate under conditions that are greatly subsaturating with the ribozyme, primer, and template all present at about 1 M concentration. Under these conditions, the t 1/2 for binding of the primer-template complex by the ribozyme is about 2 h. Once the primer-template is bound, NTP addition occurs at roughly the same rate as the rate of primer-template release. Interestingly, the ribozyme exhibits a low level of processivity with a 1% to 90% chance (depending on sequence context) of adding a second NTP before releasing the primer-template (29) . If the processivity and/or the on rate of the primer-template complex could be increased, the 18.12.23 ribozyme has the potential to evolve to be an RNA replicase ribozyme. Such a molecule could be used to carry out the amplification step of in vitro RNA evolution, perhaps allowing the RNA-directed evolution of the replicase itself.
There is another ribozyme, also a descendant of the class I ligase, that catalyzes the template-directed addition of NTPs onto the end of an RNA primer (30) . As discussed previously, the class I ligase has been made to undergo continuous in vitro evolution, leading to the E100-3 ligase. This in turn was evolved to catalyze two successive NTP additions followed by RNA ligation (Figure 1 ). The E100-3 ligase was randomized at a frequency of 8% per nucleotide position, generating a population of about 10 14 variants. These were provided with a chimeric DNA-RNA substrate containing the sequence of an RNA polymerase promoter element but lacking the 3Ј-terminal nucleotide of that sequence. In order to be eligible for amplification, the ribozymes were required to complete the promoter sequence by adding the appropriate NTP and then catalyze ligation of the extended substrate onto their own 5Ј end.
The ribozymes first were subjected to five rounds of stepwise evolution. Then individuals were isolated from the population and tested for the ability to undergo continuous evolution employing the shortened substrate (30) . One especially well-behaved individual was identified (designated E105-1), randomized at a frequency of 10% per nucleotide position, and then used to initiate continuous evolution. Over a period of 78 h, 103 successive transfers of continuous evolution were carried out, typically with 1000-fold dilution between transfers. Individuals again were isolated from the population and tested for catalytic activity. Most had the ability to catalyze the template-directed addition of an NTP onto the 3Ј end of the oligonucleotide substrate. One such individual (designated E208-2) contained 25 mutations relative to the E100-3 ribozyme and was chosen to begin the next phase of in vitro evolution.
EVOLUTION OF NUCLEIC ACID ENZYMES
The E208-2 ribozyme was randomized at a frequency of 10% per nucleotide position, subjected to two more transfers of continuous evolution as before, and then made to react with an oligonucleotide substrate that lacked two nucleotides at the 3Ј end of the promoter sequence (30) . The ribozymes were required to catalyze two NTP additions followed by ligation of the extended substrate. After 50 more transfers of continuous evolution, followed by a combination of 8 rounds of stepwise evolution and 10 transfers of continuous evolution, molecules with the desired activity were obtained. The combination of stepwise and continuous evolution was necessary because with continuous evolution alone the ribozymes became dependent on the presence of the RNA polymerase protein for their ability to extend the substrate. This dependency was eliminated by occasionally requiring the ribozymes to perform the extension reaction in the absence of the polymerase protein. It proved impossible to use continuous evolution to obtain ribozymes that catalyze three successive NTP additions followed by ligation because ersatz promoter sequences arose instead, allowing transcription to occur at a low level even after only two NTP additions.
Following the last transfer of continuous evolution, individuals were isolated from the population and characterized (30) . A typical well-behaved individual (designated E278-19) contained five additional mutations compared to those present in the E208-2 ribozyme. The E278-19 ribozyme catalyzes the templatedirected addition of two NTPs followed by ligation with an overall apparent rate of 3 ϫ 10 Ϫ4 min Ϫ1 in the presence of 2 mM each of the two NTPs. It also catalyzes direct ligation of the oligonucleotide substrate, without the addition of NTPs, at about a 10-fold faster rate. The products of direct ligation are not amplified but continue to form during each round of in vitro evolution.
Other In Vitro-Evolved Ligase Ribozymes
There are several other reported examples of RNA ligase ribozymes that were evolved starting from random-sequence RNAs. Only three of these (and their descendants) catalyze the template-directed ligation of an oligonucleotide 3Ј-hydroxyl and an oligonucleotide 5Ј-triphosphate to form a 3Ј,5Ј-phosphodiester linkage. They are the L1, hc, and R3C ligases, which will be discussed below. There are other in vitro-evolved ligases that catalyze formation of a 2Ј,5Ј-phosphodiester, as first demonstrated by the class II and class III ligases.
The simplest of the 2Ј,5Ј ligases contains only 29 nucleotides; 26 of which form Watson-Crick or wobble pairs with the oligonucleotide substrates (31). This "mini ligase" has a catalytic rate of only 5.4 ϫ 10 Ϫ4 min
Ϫ1
, which is about 10 4 -fold faster than the uncatalyzed rate of reaction in the presence of a complementary template. Another 2Ј,5Ј ligase was derived from the E100-3 ligase by carrying out stepwise evolution in the presence of sodium bisulfite, which selected strongly against the presence of cytidine residues (32) . A total of 24 rounds of evolution were carried out, leading to a molecule that completely lacks cytidine yet has a k cat of 0.006 min Ϫ1 and K m of 0.23 M. The cytidine-free and E100-3 ligases have 45% sequence similarity (despite the difference of 37 812 JOYCE cytidines), but they have very different secondary structures and form 2Ј,5Ј versus 3Ј,5Ј linkages, respectively.
Another RNA ligase ribozyme evolved from random-sequence RNA operates by a somewhat different chemical mechanism with adenylate rather than inorganic pyrophosphate as the leaving group (33) . The reaction takes place between the 3Ј-hydroxyl of a template-bound oligonucleotide and the ␣-phosphate of an adenosine-5Ј,5Ј-pyrophosphate located at the 5Ј end of the ribozyme. This is the same mechanism employed by various RNA ligase proteins. The starting population contained about 10 15 different RNAs, each with 210 random-sequence nucleotides surrounding an ATP-binding domain that was mutagenized at a degeneracy of 15%. The ATP-binding domain was obtained previously by in vitro selection and was included to facilitate the emergence of ligase ribozymes that utilize adenylate as the leaving group.
Following ten rounds of in vitro evolution, individuals were isolated from the population and characterized (33) . One of these individuals was subjected to 3Ј-terminal deletion and mutagenesis based on the sequences of the other isolated individuals, resulting in a variant (designated CM2g) that has a catalytic rate of 0.0063 min
. This ribozyme forms a 3Ј,5Ј-phosphodiester linkage with adenylate as the leaving group. If the reactive adenosine-5Ј,5Ј-pyrophosphate is replaced by guanosine-5Ј,5Ј-pyrophosphate, the rate decreases by only threefold, but if it is replaced by 5Ј-triphosphate, the rate decreases by more than 4000-fold. It is unclear whether inclusion of the ATP-binding domain had a beneficial effect. The CM2g ribozyme contains only one critical mutation within this domain, but it is not known whether the domain is involved in binding the adenosine-5Ј,5Ј-pyrophosphate.
There is no reported example of an RNA ligase ribozyme that can also ligate a DNA substrate. However, there is one example of a ribozyme that catalyzes ligation of an oligodeoxynucleotide 3Ј-hydroxyl and the 5Ј-triphosphate of the ribozyme in the presence of an external template (34) . This ligase is unusual in that it was isolated from a population of random-sequence RNAs that contained N6-(6-aminohexyl)-adenosine in place of adenosine. It has a catalytic rate of only 8.5 ϫ 10 Ϫ7 min Ϫ1 , which is less than 100-fold faster than the uncatalyzed rate of reaction in the presence of a complementary template. Its rate is reduced by about 20-fold when the N6-(6-aminohexyl)-adenosine residues are replaced by adenosines.
THE L1 LIGASE
The same method that was used to evolve the class I, II, and III ligase ribozymes also was used to obtain an RNA ligase ribozyme that is dependent on the presence of external "effector" molecules for its catalytic activity (35) . The latter ribozyme was derived from a starting population of 10 15 RNA molecules that contained 90 random-sequence nucleotides. After five rounds of in vitro evolution, individual ribozymes were isolated from the population and found to have very little sequence variation. One of the cloned individuals was randomized at an expected frequency of 30% per nucleotide 813 EVOLUTION OF NUCLEIC ACID ENZYMES position, and the resulting population was subjected to five additional rounds of in vitro evolution (35, 36) . During these rounds, the reaction time was reduced progressively from 16 h to 5 min, and the concentration of MgCl 2 in the reaction mixture was reduced from 60 to 10 mM.
The most active ribozyme isolated from the final selected population (designated L1) has a catalytic rate of 0.093 min Ϫ1 and forms a 3Ј,5Ј-phosphodiester linkage (35, 36) . Its activity is strongly dependent on the presence of a separate oligodeoxynucleotide, which was included in the reaction mixture during the evolution process and used to prime cDNA synthesis. This oligodeoxynucleotide forms a stem structure with 18 nucleotides at the 3Ј end of the ribozyme. In its absence, the catalytic rate of the ribozyme is reduced by about 10 4 -fold. The original isolated form of the L1 ligase contains 130 nucleotides (35) . It adopts a simple three-way junction structure that can be trimmed substantially without loss of catalytic activity (36) . A 74-nucleotide version of this ribozyme was completely randomized at either 15 or 20 internal nucleotide positions, and the two resulting populations were subjected to either 7 or 8 rounds of in vitro evolution, respectively (37) . The population that was randomized at 20 positions showed the greatest improvement in catalytic activity, presumably because it contained more sequence diversity. The most active individual isolated from the final selected population has a catalytic rate of 0.37 min Ϫ1 and still requires the separate oligodeoxynucleotide for its activity.
The L1 ligase was made to operate in a manner that is dependent on other effector molecules, in addition to the oligodeoxynucleotide effector (35, 36, 38) . Ligand-dependent activation of a nucleic acid enzyme was demonstrated previously for the hammerhead ribozyme, which catalyzes the sequence-specific cleavage of RNA. As a prelude to that demonstration, various nucleotides within the catalytic core of the hammerhead were replaced by abasic nucleotide analogs, and the missing base was supplied as a separate molecule (39) . For example, replacement of a critical adenylate by an abasic nucleotide analog reduced the catalytic rate of the hammerhead by 40,000-fold, but when 3 mM adenine was added to the reaction mixture, the rate improved by 300-fold. In later experiments, an internal stem-loop was replaced by an ATP-binding domain (40) . In the absence of ATP, this domain is unstructured, but upon binding ATP, it adopts a well-defined structure that supports the active conformation of the hammerhead. In still other experiments, the internal stem-loop was replaced by random nucleotides and in vitro selection was carried out to obtain ribozymes that depend on various small molecules for their activity (41) .
Similar methods were used to develop ligand-activated forms of the L1 ligase. In one case, the distal portion of an internal stem-loop was replaced by an ATP-binding domain, resulting in 30-fold activation in the presence of 1 mM ATP compared to its absence (35) . Optimization of this construct improved ATP-dependent activation to a level of 830-fold. In another case, a FMN-binding domain was introduced and connected to the remainder of the ribozyme via a short stretch of random nucleotides (36) . Seven rounds of in vitro selection were 814 JOYCE carried out, in each round employing a procedure that first selected against activity in the absence of FMN and then selected for activity in the presence of FMN. This resulted in various FMN-activated ribozymes, the best of which has a 260-fold faster catalytic rate in the presence of 0.1 mM FMN compared to its absence. More recently, variants of the L1 ligase were developed that are dependent on the presence of a particular protein, either Neurospora mitochondrial tyrosyl tRNA synthetase or chicken egg-white lysozyme, for their catalytic activity (38) . The entire central stem-loop of the ribozyme was replaced by 50 random-sequence nucleotides and multiple rounds of in vitro selection were carried out. The selection pressure was increased during successive rounds by increasing the time allowed for the reaction in the absence of the protein (negative selection) and by decreasing the time allowed for the reaction in the presence of the protein (positive selection). After nine rounds, a ribozyme was isolated that had a catalytic rate of 0.035 min Ϫ1 in the presence of 1 M tyrosyl tRNA synthetase and a rate of only 4 ϫ 10 Ϫ7 min Ϫ1 in its absence, corresponding to 94,000-fold activation. After 11 rounds in the other lineage, a ribozyme was obtained that had a catalytic rate of 0.01 min Ϫ1 in the presence of 1 M egg-white lysozyme and a rate of only 3 ϫ 10 Ϫ6 min Ϫ1 in its absence, corresponding to 3100-fold activation. Not surprisingly, each ribozyme was highly specific for its cognate protein. Ligand-activated ribozymes such as these have potential applications as biosensors and in proteomics studies (42) (43) (44) (45) .
THE HC LIGASE
Another example of an RNA ligase ribozyme that catalyzes formation of a 3Ј,5Ј-phosphodiester linkage was obtained, not from purely random-sequence RNAs, but from 85 random nucleotides that were attached to a structural scaffold (46) . This scaffold was derived from the P4 -P6 domain of the Tetrahymena group I ribozyme. The Tetrahymena ribozyme normally catalyzes two successive phosphoester transfer reactions that result in self-splicing of a precursor rRNA, but the P4 -P6 domain alone has no catalytic activity. This domain assumes a well-defined tertiary structure (47, 48) and forms nonsequence-specific tertiary contacts with double-stranded RNA (49, 50) . Thus it was hypothesized that by attaching random nucleotides to the P4 -P6 scaffold one might take advantage of the structural preorganization of this domain and its propensity to bind double-stranded RNA, leading to a generalized RNA ligase.
A population of 10 16 different RNAs was constructed. Each molecule contained a 5Ј-terminal hairpin that provided a template region for binding a complementary oligonucleotide substrate adjacent to the 5Ј-triphosphate of the ribozyme (46) . Ten rounds of in vitro evolution were carried out, alternating two different substrates and changing the sequence of the 5Ј-terminal hairpin in order to maintain sequence generality. During these rounds, the reaction time was reduced progressively from 24 h to 1 min, and the concentration of MgCl 2 in the reaction mixture was reduced from 200 to 4 mM. Mutagenic PCR was performed following the fourth and sixth rounds. After the tenth round, individuals were isolated from the population and found to fall into two different sequence 815 EVOLUTION OF NUCLEIC ACID ENZYMES families. A member of the dominant family that exhibited efficient ligase activity (designated hc16) was shown to operate in a generalized manner with regard to the sequence of the template-substrate duplex (hc refers to helical context).
The hc16 ligase ribozyme forms a 3Ј,5Ј-phosphodiester with a catalytic rate of 0.26 min Ϫ1 , measured in the presence of 50 mM MgCl 2 and 200 mM KCl at pH 7.5 and 50°C (46) . Its rate is about fivefold slower at 30°C. The ribozyme retains the P4 -P6 domain but with six point mutations. Based on chemical modification analysis, this domain has the same structure in the hc16 ligase as it does in the Tetrahymena group I ribozyme. The regions of random-sequence nucleotides gave rise to two additional stem-loop elements that are essential for the newly developed ligase activity.
A shortcoming of the hc16 ligase is that both the template and 5Ј-triphosphorylated substrate domain are tethered to the ribozyme as part of the 5Ј-terminal hairpin. If the hairpin is detached from the ribozyme, the reaction still proceeds but with a k cat of only 0.0035 min Ϫ1 and K m of 12 M (measured in the presence of 100 mM MgCl 2 at pH 7.5 and 37°C). Additional rounds of in vitro evolution were carried out in an effort to improve the intermolecular reaction (51) . A pseudo-intermolecular reaction format was established by connecting the hairpin to the 5Ј end of the ribozyme via a flexible linker of 28 uridylates. This construct was subjected to mutagenic PCR; then seven rounds of in vitro evolution were carried out, employing two different RNA substrates.
After the seventh round a well-behaved individual was isolated from the population, subjected to mutagenic PCR, and used to begin 11 more rounds of in vitro evolution, reducing the reaction time to only 30 s (51). After the last round, an especially active individual, which contained 15 mutations relative to the hc16 ribozyme, was identified and designated hc18-2. When made to operate on a separate template-substrate hairpin, it had a k cat of 0.074 min Ϫ1 and K m of 3.9 M (measured under the same reaction conditions as above). The sequence of the hairpin can be altered without loss of catalytic activity, as long as Watson-Crick pairing is maintained within the stem region. Activity is substantially reduced, however, if the hairpin loop is removed to provide a tetramolecular reaction format involving the ribozyme, template, and two oligonucleotide substrates. In that case, k cat is only 0.0049 min Ϫ1 and K m is 34 M, measured under multiple-turnover conditions. The ribozyme also is able to catalyze NTP addition on an external RNA template, albeit with very low efficiency.
It is interesting to compare the 18-2 variant of the hc ligase and the 18.12.23 variant of the class I ligase. Both catalyze the formation of a 3Ј,5Ј-phosphodiester linkage between two RNA molecules that are bound to a separate RNA template. The class I 18.12.23 ribozyme is able to carry out multiple successive NTP additions with an inherent catalytic rate of at least 1.5 min Ϫ1 (21, 29) . It is general in respect to the sequence of the template-substrate complex but has weak affinity for that complex. In contrast, the catalytic rate of the hc 18-2 ribozyme is much slower, especially for NTP addition, and it is unable to add more than two NTPs in succession (51) . However, the hc 18-2 ribozyme has 816 JOYCE good affinity for the template-substrate complex, even when the hairpin loop is removed. There is no practical method for cross breeding two ribozymes that have no sequence or structural similarity, but it is appealing to contemplate the possibility of a ribozyme that would exhibit the best properties of both the 18.12.23 and 18-2 ribozymes.
THE R3 LIGASE
The final example of an RNA ligase ribozyme that catalyzes formation of a 3Ј,5Ј-phosphodiester has an unusual pedigree. It was evolved starting from a population of random-sequence RNAs that contained only adenosine, guanosine, and uridine residues (52) . As mentioned previously, a cytidine-free ligase ribozyme was evolved from a starting population of variants of the class I ligase, but that cytidine-free ribozyme catalyzes formation of a 2Ј,5Ј-phosphodiester with a catalytic rate of only 0.006 min Ϫ1 (32) . Perhaps its evolutionary development was constrained by the particular starting point that was chosen.
As an alternative approach, a population of 10 14 cytidine-free RNAs was constructed; each molecule contained two regions of 64 random-sequence nucleotides flanking an internal template (52) . Five rounds of in vitro evolution were carried out, progressively decreasing the reaction time from 18 h to 10 s. Following the fifth round, seven individuals were isolated from the population and tested for catalytic activity. Six of these catalyzed formation of a 2Ј,5Ј-phosphodiester and one catalyzed formation of a 3Ј,5Ј-phosphodiester. The latter individual was randomized at a frequency of 8% per nucleotide position and then was subjected to five more rounds of in vitro evolution. Following the last round, nine individuals were isolated from the population, all of which retained the ability to catalyze formation of a 3Ј,5Ј-phosphodiester. The most active of these individuals was chosen for further study.
It was found that all of the nucleotides located on the 3Ј side of the internal template could be deleted without reducing catalytic activity (52) . This resulted in a 74-nucleotide ribozyme (designated R3) that has a k cat of 0.013 min Ϫ1 and K m of 6.2 M. The R3 ligase adopts a simple three-way junction structure, reminiscent of the structure of the L1 ligase. These two ribozymes have several critical distinctions, however, most notably in the region surrounding the ligation junction and at the three-way junction.
The R3 ligase, which was evolved in a world free of cytidine, was doped with cytidine at a frequency of 1% per nucleotide position and subjected to hypermutagenic PCR. The resulting population was used to initiate six rounds of in vitro evolution, which led to a population of cytidine-containing molecules that had very little sequence diversity (52) . The dominant individual in this population (designated R3C) contained 12 mutations relative to the R3 ligase, including 6 U3 C changes and 1 A3 C change. It retains 3Ј,5Ј-regiospecificity and operates with a k cat of 0.32 min Ϫ1 and K m of 0.4 M. The three-way junction is somewhat remodeled in the R3C compared to the R3 ligase, which required stabilization of the proximal portion of the adjoining stems through replacement 817 EVOLUTION OF NUCLEIC ACID ENZYMES of A-U and G-U pairs by G-C pairs. The distal portions of the three stems can have almost any sequence, so long as the stability of the stems is maintained.
More perversely, the R3 ligase was evolved to a form that contains only two different nucleotide subunits, the minimum necessary to specify genetic information (53) . This was achieved in two stages. First, all of the adenosine residues were replaced by 2,6-diaminopurine (D) nucleosides and all of the G-U wobble pairs were replaced by D-U pairs. (D-U pairs are intermediate in stability between G-C and A-U pairs.) Second, the remaining G residues were replaced by either D or U, and in vitro evolution was carried out to optimize catalytic activity. After five rounds of evolution, individuals were isolated from the population and sequenced. The two most active individuals, both of which contained only D and U residues, were randomly mutated at a frequency of 12% per nucleotide position; then five more rounds of in vitro evolution were carried out. Again individuals were isolated from the population, and the most active (designated R2) was chosen for further study.
The R2 ligase contains 66 nucleotides (39 D and 27 U residues) plus the 3Ј-terminal template region of variable composition (53) . This ribozyme reacts with a substrate that contains only D and U residues, forming a 3Ј,5Ј-phosphodiester linkage with a k cat of 0.0011 min Ϫ1 and K m of 1.6 nM. The catalytic rate is about 36,000-fold faster than the uncatalyzed rate of reaction, but 12-fold slower than that of the R3 ligase, which in turn is 25-fold slower than that of the R3C ligase. The R2, R3, and R3C ligases all have the same general architecture, although the R2 ligase is most susceptible to adopting alternative conformations and reacts to a maximum extent of only 6% to 8%. It lies at the edge of the minimum compositional complexity needed to specify catalytic function.
The R3C ligase is the most robust member of the R3 family. It was used to construct a self-replicating ribozyme that operates, not by template-directed polymerization of NTPs, but by RNA-catalyzed ligation of two RNA substrates to form additional copies of itself (54) . In the absence of any preformed ribozyme, the two substrates are ligated very slowly with a second-order rate constant of 3.3 ϫ 10 Ϫ11 M Ϫ1 ⅐ min Ϫ1 . Upon addition of the ribozyme the reaction becomes autocatalytic with an autocatalytic rate constant of 0.011 min Ϫ1 . The initial rate of formation of new ribozymes is linearly proportional to the starting concentration of ribozymes with a reaction order of 1.0, corresponding to exponential growth. Dissociation of two ribozyme molecules is not rate limiting. Exponential growth is limited, however, because the two substrates can form a nonproductive complex that prevents them from binding readily to the ribozyme. Nonetheless, it is possible to exceed breakeven, whereby the amount of newly synthesized ribozyme is greater than the starting amount of ribozyme.
The self-replicating ligase ribozyme operates with a very restricted set of component substrates and does not broadly enable the RNA-catalyzed replication of RNA. It is not capable of undergoing Darwinian evolution because it does not allow for the possibility of heritable mutations. Replication in this case involves a single joining reaction, and thus it has low information content despite the 818 JOYCE complexity of the two components. Perhaps it is possible to develop a ribozyme that ligates several component modules to form additional copies of itself. Competition for a limited supply of modules among a heterogeneous population of self-replicating ribozymes might provide the basis for Darwinian evolution. In the foreseeable future, however, the in vitro evolution of ribozymes will continue to require the use of protein polymerases to carry out the crucial step of amplification.
RNA-CLEAVING DNA ENZYMES EVOLVED FROM RANDOM-SEQUENCE DNAS
It is instructive to contrast the in vitro evolution of RNA ligase ribozymes and RNA-cleaving DNA enzymes. The latter catalyze a bond-breaking reaction, requiring selection based on detachment of a chemical tag. The selected molecules, composed of DNA, can be PCR amplified directly, but the functional strand of the double-stranded PCR products must be isolated prior to the next round of selective amplification. Compared to RNA ligation involving a 3Ј-hydroxyl and 5Ј-triphosphate, the cleavage of an RNA phosphodiester is a relatively facile reaction with an uncatalyzed rate of about 10 Ϫ7 min Ϫ1 in the presence of 2 mM MgCl 2 at pH 7.5 and 37°C (55) . This makes it relatively easy to discover catalysts, although their enrichment may be more difficult due to the high background resulting from uncatalyzed cleavage events. Fewer nucleotides are required to specify a motif that catalyzes RNA cleavage compared to one that catalyzes RNA ligation. Thus, RNA-cleaving DNA enzymes often exist within a starting population of all possible 25mer DNAs, allowing them to be obtained by in vitro selection without mutagenesis.
The First DNA Enzymes
Shortly after the discovery of ribozymes, there was speculation concerning the possibility of catalytic DNA molecules (56) . It was argued that the 2Ј-hydroxyl group of RNA is important for catalysis and for defining the tertiary structure of RNA, and that even if DNA could be a catalyst, it might be much less efficient than RNA. This view was supported by studies of the hammerhead ribozyme in which component ribonucleotides were replaced systematically by deoxynucleotides, demonstrating that several ribonucleotides are essential for the catalytic activity of this ribozyme (57) (58) (59) (60) (61) . To this day, no ribozyme has been converted to a DNA enzyme, either by rational design or by in vitro evolution. All known DNA enzymes have been obtained starting from a population of randomsequence DNAs.
The first reported DNA enzyme catalyzes the Pb 2ϩ -dependent cleavage of a single RNA phosphodiester that is embedded within an otherwise all-DNA substrate (62) . This is a very simple reaction, requiring the proper positioning of 819 EVOLUTION OF NUCLEIC ACID ENZYMES a Pb 2ϩ ion to assist in deprotonation of the 2Ј-hydroxyl that lies adjacent to the cleavage site. The uncatalyzed rate of reaction is about 10 Ϫ4 min Ϫ1 , measured in the presence of 1 mM PbOAc and 10 mM MgCl 2 at pH 7.0 and 23°C. A starting population of 10 14 DNAs was constructed; each molecule contained 50 randomsequence residues flanked by primer binding sites. A substrate domain was placed at the 5Ј end, which included the target ribonucleotide and a 5Ј-terminal biotin moiety. The molecules were bound to a streptavidin-coated support, washed, and then triggered for catalysis by addition of 1 mM PbOAc. Any molecule that underwent cleavage following the addition of PbOAc became detached from the support and collected in the eluate. The collected molecules then were PCR amplified, the substrate domain was reattached to the progeny molecules, and the entire procedure was repeated until the desired catalysts were obtained.
Five rounds of selective amplification were carried out, progressively decreasing the reaction time from 1 h to 1 min (62). In principle, any means by which the molecules could become detached from the support following addition of PbOAc would result in their selective amplification. As expected, however, the most expedient means of detachment was DNA-catalyzed cleavage of the target RNA phosphodiester, leaving the 5Ј product still attached to the support and releasing the 3Ј product into solution. Uncatalyzed cleavage occurred at a rate of about 10 Ϫ4 min Ϫ1 , but by the fifth round of selective amplification the population as a whole underwent Pb 2ϩ -dependent cleavage at a rate of about 0.1 min Ϫ1 . Twenty individuals were isolated from the final selected population and found to conform to a common consensus sequence (62) . The catalytic motif was recognized to contain regions of Watson-Crick pairing on either side of the cleavage site, three unpaired substrate nucleotides immediately downstream from the cleavage site, and a catalytic core of 15 deoxynucleotides located opposite the cleavage site. It was straightforward to separate the substrate and catalytic domains to produce a 38mer DNA enzyme that cleaves a 19mer substrate with multiple turnover with a k cat of 1 min Ϫ1 and K m of 2 M. The Pb 2ϩ -dependent DNA enzyme is unable to cleave an all-RNA substrate.
The decision to employ a substrate domain that contained a single ribonucleotide embedded within DNA was based on two factors. First, it was feared that if additional ribonucleotides were present in the substrate it would cloud the issue of which residues were responsible for catalysis. It has been shown, for example, that ribonucleotides essential for the activity of the hammerhead ribozyme can be placed within an RNA molecule that also contains the cleavage site, and when supplied with an oligodeoxynucleotide to complete the hammerhead motif, the bimolecular complex undergoes RNA cleavage (63) . In this case, of course, most of the catalytic residues lie within the so-called substrate. By restricting the RNA content to the single ribonucleotide that defines the cleavage site, such ambiguity could be avoided. Second, as a practical matter, the uncatalyzed reaction might have been too prominent if multiple ribonucleotides were present, which would have made the selective enrichment of desired catalysts more difficult.
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Contemporaneous with the development of the Pb 2ϩ -dependent, RNAcleaving DNA enzyme, in vitro selection was used to obtain a Zn 2ϩ /Cu 2ϩ -dependent DNA enzyme that catalyzes the template-dependent ligation of an oligodeoxynucleotide 5Ј-hydroxyl and an oligodeoxynucleotide 3Ј-phosphorimidazolide (64) . This too is a simple reaction with an uncatalyzed rate of 2 ϫ 10 Ϫ5 min
Ϫ1
. Thus the question arose as to whether DNA could catalyze more difficult chemical transformations that have a much lower uncatalyzed rate of reaction.
The same approach used to obtain the Pb 2ϩ -dependent DNA enzyme also was used to obtain an RNA-cleaving DNA enzyme that depends on Mg 2ϩ for its catalytic activity (65) . The uncatalyzed rate of RNA cleavage is about 10 3 -fold slower in the presence of Mg 2ϩ compared to Pb 2ϩ , which is attributable to the difference in pK a of the corresponding metal hydrate (11.4 versus 7.7, respectively). A starting population of 10 13 different DNAs was constructed; each molecule contained 40 random-sequence nucleotides flanked by short regions that could engage in Watson-Crick pairing with the substrate domain. Six rounds of in vitro selection were carried out, triggering the reaction by addition of 1 mM MgCl 2 . After the sixth round, individuals were isolated from the population and found to have very similar sequences. The most active of these was mutagenized at a degeneracy of 15% and subjected to seven additional rounds of selective amplification, which led to improved catalytic activity and helped to define the catalytic motif.
Thirty individuals, all with similar sequences, were isolated from the final selected population (65) . On the basis of analysis of sequence covariation among these individuals, the catalytic motif was recognized to contain regions of Watson-Crick pairing on either side of the cleavage site, extending the paired regions that had been engineered in the starting population of molecules. The catalytic core consists of an internal stem-loop of variable sequence that is connected to the two regions of Watson-Crick pairing by a total of 15 highly conserved nucleotides. The substrate and catalytic domains were separated, resulting in a 36mer DNA enzyme that cleaves a 15mer substrate with a k cat of 0.039 min Ϫ1 and K m of 13 M, measured in the presence of 10 mM MgCl 2 and 1 M NaCl at pH 7.0 and 23°C. This corresponds to a rate enhancement of about 10 5 -fold compared to the uncatalyzed rate of reaction.
In three other studies, attempts were made to develop DNA enzymes that, without the assistance of a divalent metal, cleave a single RNA phosphodiester embedded within DNA. All three studies employed the same selection scheme as above but triggered the reaction by the addition of different compounds. In one case, the trigger was a mixture of 20 mM L-histidine and 0.5 mM MgCl 2 with the aim of developing histidine-dependent catalysts (66) . After seven rounds of in vitro selection, catalysts were obtained that depend on Mg 2ϩ but have no activity in the presence of histidine alone. After three more rounds, individuals were isolated from the population and characterized. The dominant motif (designated Mg5) has Mg 2ϩ -dependent, RNA-cleavage activity, but surprisingly it is about 10-fold more active in the presence of Ca 2ϩ . Following separation of the 821 EVOLUTION OF NUCLEIC ACID ENZYMES substrate and catalytic domains, the DNA enzyme was found to have a k cat of 0.1 min Ϫ1 and K m of 6.4 M, measured in the presence of 0.5 mM CaCl 2 at pH 7.0 and 37°C.
In another study, RNA cleavage was triggered by the addition of 1 M NaCl but without divalent metal (67) . The starting population was identical to that used to obtain the Mg 2ϩ -dependent DNA enzyme (65) . After 12 rounds of in vitro selection, individuals were isolated from the population and found to undergo self-cleavage in the presence of 1 M NaCl (at pH 7.0 and 23°C) with an observed rate of about 10 Ϫ3 min
. The reaction rate is not diminished by adding divalent-metal-chelating compounds, by replacing Na ϩ with a different monovalent cation, or by changing the buffer used in the reaction. One of the isolated individuals was mutagenized at a degeneracy of 15% and subjected to six additional rounds of selective amplification. This led to an improved version of the Na ϩ -dependent catalytic motif that has an observed rate of 6.7 ϫ 10 Ϫ3 min Ϫ1 . In the third study, RNA cleavage was triggered by the addition of 50 mM L-histidine and no divalent metal (68) . Again the starting population of DNAs contained 40 random-sequence nucleotides flanked by regions that could engage in Watson-Crick pairing with the substrate domain. After 11 rounds of in vitro selection, the population as a whole exhibited RNA-cleavage activity in either the presence or absence of histidine. Individuals were isolated from the population, and a subset of these were found to depend on histidine for their activity. One such individual (designated HD1) was mutagenized at a degeneracy of 21% and subjected to five additional rounds of selective amplification, reducing the triggering concentration of histidine to 5 mM. After the last round, individuals again were isolated from the population, and one of these (designated HD2) was studied in detail.
Both HD1 and HD2 were converted to an intermolecular reaction format by separating the substrate and catalytic domains (68). In the presence of 100 mM histidine at pH 7.5 and 23°C, the HD1 and HD2 DNA enzymes have an observed rate of 0.0047 and 0.2 min Ϫ1 , respectively. HD1 can be saturated with histidine with an apparent K d of 25 mM, whereas HD2 is not saturated even at very high concentrations of cofactor. This is somewhat surprising considering that HD2 was derived from HD1 by continuing in vitro selection using a lower concentration of histidine. However, both enzymes are highly specific for L-histidine with about 10 3 -fold lower activity, for example, in the presence of D-histidine. The catalytic rate of the HD2 enzyme as a function of pH has a bell-shaped profile with an apparent pK a of about 6. This is consistent with the imidazole group of histidine acting as a general base to assist in deprotonation of the 2Ј-hydroxyl adjacent to the cleavage site.
In summary, DNA can be an enzyme with a catalytic rate enhancement similar to that of typical RNA enzymes. DNA enzymes benefit from the assistance of a catalytic cofactor, which may be a divalent metal, histidine, or perhaps some other small molecule. It even is possible for DNA to function without the assistance of a catalytic cofactor, as exemplified by the Na ϩ -dependent DNA enzyme. It seems likely, however, that cofactors will be required to achieve substantial catalytic rate enhancements, especially for difficult chemical transformations.
Practical Application of RNA-Cleaving DNA Enzymes
With the principle of DNA catalysis firmly established, attention could turn to the development of RNA-cleaving DNA enzymes that might have application in biology or medicine. An important aim was to cleave an all-RNA substrate under physiological conditions with high catalytic efficiency, high substrate sequence specificity, and generality for almost any substrate sequence. DNA enzymes with these properties might be used to cleave, and therefore inactivate, target RNAs in cells or whole organisms. Such applications had already been demonstrated for modified forms of naturally occurring ribozymes, especially the hammerhead and hairpin motifs [for reviews see (69, 70) ].
A general-purpose, RNA-cleaving DNA enzyme was obtained by in vitro selection starting from a population of 10 14 DNAs that contained 50 randomsequence residues (71) . The selection scheme was the same as the one used to obtain DNA enzymes that cleave a single ribonucleotide embedded within DNA, except the substrate domain contained 12 ribonucleotides. The reaction was triggered by the addition of 10 mM MgCl 2 and 1 M NaCl at pH 7.5 and 37°C. The uncatalyzed rate of cleavage under these conditions, summing over all 12 RNA phosphodiester linkages, is about 10 Ϫ5 min Ϫ1 (55) . This level of background is manageable, but if the substrate domain had included an entire mRNA, uncatalyzed cleavage would have been so prominent that it likely would have been difficult to isolate catalysts.
Ten rounds of in vitro selection were carried out with a reaction time of 60 min in each round (71) . A total of 62 individuals were isolated from the population after the eighth and tenth rounds. These were highly variable in sequence, but all were capable of cleaving the attached RNA substrate. Two individuals (designated 8-17 and 10-23) were chosen for further study on the basis of their high level of activity and ability to bind the substrate domain through Watson-Crick pairing. Each individual was randomized at a frequency of 25% per nucleotide position (excluding the substrate-binding regions) and used to initiate six different lineages involving a total of 52 rounds of selective amplification. The reaction times and selection protocols differed among the various lineages, providing a thorough search for variants that might help to refine the two catalytic motifs.
Following separation of the substrate and catalytic domains, the 8-17 and 10-23 DNA enzymes were obtained (71) . Both are capable of binding an all-RNA substrate through regions of Watson-Crick pairing that surround the cleavage site. The substrate must contain an unpaired purine nucleotide immediately preceding the cleavage site, located opposite the catalytic core of the enzyme, which contains either 13 (73) (74) (75) . Similar to the B16-19 RNA ligase ribozyme discussed previously, the 8-17 DNA enzyme represents a deep local fitness optimum. Because the 8-17 enzyme has a catalytic core of only 13 nucleotides, it is well represented within a starting population of random-sequence DNA molecules and thus is easily rediscovered.
The 8-17 DNA enzyme has been used as a biosensor for Pb 2ϩ ions with practical application for the measurement of the lead content of paint chips (76, 77) . When directed to cleave a single ribonucleotide within an otherwise all-DNA substrate, the 8-17 enzyme has a catalytic rate of 5.8 min Ϫ1 in the presence of 0.1 mM Pb 2ϩ at pH 6.0 and 28°C. When the pH is increased to 7.5, the catalytic rate increases to about 220 min Ϫ1 (73) . The apparent K d for Pb 2ϩ (at pH 6.0) is 14 M, compared to 1-10 mM for other divalent metals. Thus the amount of Pb 2ϩ in a sample can be detected over a broad concentration range, even against a substantial background of other metal ions (76) . A simple colorimetric assay was developed for Pb 2ϩ by linking the substrate to gold particles that form aggregates. The aggregates are disrupted by DNA-catalyzed cleavage, resulting in a blue-to-red color change that can be visualized directly (77) . In this way, it is possible to detect the lead content of paint chips down to a level of 0.05% (100 nM in solution), which is 10-fold below the threshold for health risk to children as defined by the U.S. Environmental Protection Agency (78) .
The 8-17 DNA enzyme has been applied to a limited extent to the cleavage of biological RNAs (79, 80) , although most such applications have involved the 10-23 DNA enzyme. The latter enzyme has relatively higher catalytic efficiency under physiological conditions with a k cat of 0.1 min Ϫ1 and K m of 1 nM, corresponding to a k cat /K m of 10 8 M Ϫ1 ⅐ min Ϫ1 (71) . The catalytic rate of the 10-23 enzyme increases log-linearly with increasing pH and is greater in the presence of either Mn 2ϩ or Pb 2ϩ compared to Mg 2ϩ (81) . However, most 824 JOYCE biochemical studies involving this enzyme have been carried out under simulated physiological conditions. Under those conditions, the rate of formation of the enzyme-substrate complex is determined by the rate of duplex formation, the rate of the chemical step is limiting under saturating conditions, and dissociation of the enzyme-product complex is not rate limiting. The bound substrate dissociates about 100-fold slower than it undergoes cleavage, and the rate of the reverse reaction (ligation of the cleaved products) is 450-fold slower than that of the forward reaction. Thus the enzyme undergoes efficient catalytic turnover until the substrate is almost completely converted to cleaved products. When optimally configured, the 10-23 DNA enzyme exhibits high substrate sequence specificity, requiring near-perfect complementarity in both of the substrate-binding domains (81, 82) . The optimal length of each domain is 7-10 base pairs, corresponding to a predicted Ϫ ⌬G°3 7 for each domain of 8 -10 kcal/mol (83) . This is a sufficient number of nucleotides to specify a unique target sequence within total cellular mRNA. The DNA enzyme is unable to overcome stable secondary structures within the substrate RNA. This property has been exploited to probe the secondary structure of folded RNAs, immobilizing DNA enzymes on a surface plasmon resonance chip (84) . In most cases, however, one must choose a target site that is readily accessible for hybridization to the DNA enzyme (85) .
There are many published examples describing the use of the 10-23 DNA enzyme to reduce expression of a target mRNA in vivo [for reviews see (86, 87) ]. Discussion of this work is beyond the scope of the present review, but in general, it is possible to reduce expression of a particular cellular mRNA and its corresponding protein by 70% to 90% (80, 85, 88 -93) . There are a few studies in which the DNA enzyme was administered to whole animals, demonstrating similar efficacy. In one case it was directed to cleave mRNA encoding the transcriptional regulator Egr-1, which mediates a proliferative response of vascular smooth muscle following balloon angioplasty, resulting in restenosis. Administration of the DNA enzyme into either the rat carotid or pig coronary artery at the time of angioplasty resulted in Ͼ50% inhibition of thickening of the inner vessel wall compared to untreated controls (94, 95) . In another study, the DNA enzyme was directed to cleave TNF-␣ mRNA, which contributes to the development of congestive heart failure following acute myocardial infarction. The enzyme was administered to rats that had undergone myocardial infarction caused by stricture of the left coronary artery, resulting in 90% improvement of relevant hemodynamic parameters compared to untreated controls (96) . In a third study, the DNA enzyme was directed to cleave VEGFR2 mRNA, which mediates angiogenesis associated with tumor growth and metastasis. The enzyme was injected into mice that had been implanted with human breast carcinoma cells, resulting in 75% reduction of tumor size compared to untreated controls (97) .
The 10-23 DNA enzyme also has been applied in a diagnostic context as part of the "DzyNA-PCR" method for quantitative PCR (98, 99) . This method involves exponential production of copies of the DNA enzyme during amplifi-
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EVOLUTION OF NUCLEIC ACID ENZYMES cation of a target nucleic acid. The complement of the DNA enzyme is placed at the 5Ј end of one of the two PCR primers, so that when the opposing strand is synthesized, it contains a DNA enzyme at its 3Ј end. The enzyme cleaves a reporter oligonucleotide that is present within the amplification mixture, separating a fluorescent dye and quencher that lie on either side of the cleavage site and giving rise to a fluorescent signal. DzyNA-PCR has been used, for example, to monitor the clinical course of acute promyelocytic leukemia by measuring genetic rearrangements associated with the disease (100).
RNA-cleaving DNA enzymes also have been used to probe for oligonucleotides of a particular sequence. Analogous to molecular beacons (101), a stemloop structure is placed at the 5Ј end of the DNA enzyme. Upon hybridization with the target oligonucleotide, the stem-loop is opened, activating the DNA enzyme and allowing it to cleave a reporter oligonucleotide to generate a fluorescent signal (102) . Alternatively, one of the substrate-binding domains of the DNA enzyme can be replaced by an oligonucleotide-recognition domain, arranged such that the target oligonucleotide must bind to both the enzyme and substrate in order to activate the enzyme (103) . This mode of ligand-dependent activation has been demonstrated for both the 8-17 and 10-23 DNA enzymes (104) , as well as for a third Mg 2ϩ -dependent, RNA-cleaving DNA enzyme that was obtained more recently (105) .
Finally, there have been some clever applications of the 10-23 DNA enzyme in the area of molecular computing. Two or more DNA enzymes can be designed such that the product of one DNA-catalyzed reaction serves as the effector for another (106) . The effector may be a positive regulator (logical YES) or a negative regulator (logical NOT). Two effectors may be used as alternative activators (logical OR), mutual activators (logical AND), or mutually exclusive activators (logical XOR). Utilizing the appropriate combination of DNAenzyme-based logic gates, one can perform more complex computations, such as arithmetic operations (107) , and even a game of ticktacktoe against a human opponent in which the DNA enzymes never lose (108) . In the special case in which the substrate is an inactive form of the DNA enzyme that becomes activated upon DNA-catalyzed cleavage, one can achieve exponential amplification of the number of active molecules (109) . In principle, this operation could be used to add gain to DNA-enzyme-based logic circuits.
DNA Enzymes with Expanded Functionality
On the basis of the examples cited above, it is clear that the efficient, metaldependent cleavage of RNA is well within the capabilities of DNA. Nonetheless, RNA-cleaving DNA enzymes generally have much slower catalytic rates compared to their protein counterparts. Ribonuclease A, for example, operates with a k cat of 10 4 -10 5 min Ϫ1 (110) . This has prompted some investigators to explore chemically modified DNA enzymes that contain additional functional groups, such as those found in protein enzymes. There are a variety of dNTP analogs that can be incorporated efficiently into DNA by a polymerase (111) (112) (113) (114) (115) . This makes it possible to expand the functionality of DNA by replacing one or more of the standard nucleotides with a suitable nucleotide analog.
In one study, a population of 10 15 random-sequence DNAs was constructed, each molecule containing C5-imidazole-deoxyuridine (Figure 3a) in place of thymidine (116) . This analog consists of a 4-imidazoleacrylic acid moiety that is joined by an amide bond to the primary amine of 5-(3-aminopropenyl)-deoxyuridine (112) . The imidazole group of this compound has a pK a of 6.1, which is similar to the pK a of the imidazole group of histidine. The design of the starting population and the selection scheme were similar to those used to obtain the 8-17 and 10-23 DNA enzymes (81) , except that the reaction was triggered by the 
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EVOLUTION OF NUCLEIC ACID ENZYMES addition of 10 M ZnCl 2 , 2 mM MgCl 2 and 150 mM NaCl rather than 10 mM MgCl 2 and 1 M NaCl (116) .
Sixteen rounds of in vitro evolution were carried out, progressively decreasing the reaction time from 1 h to 10 s (116). Random mutations were introduced at a frequency of 10% per nucleotide position following the tenth and thirteenth rounds. During the last six rounds, the number of ribonucleotides in the substrate domain was increased from 12 to 34, and the reaction was carried out in solution rather than with the molecules bound to a streptavidin-coated support. Individuals were isolated from the population following the sixteenth round, sequenced, and tested for catalytic activity. They were found to represent six different sequence families, all containing a common consensus sequence of about 20 nucleotides. This sequence encodes a catalytic core of 10 nucleotides that form a short hairpin structure flanked by nucleotides that are complementary to those on either side of the cleavage site. The most active individual (designated 16.2-11) was chosen for further study.
It was straightforward to separate the substrate and catalytic domains, resulting in a 32mer DNA enzyme that cleaves a 23mer RNA substrate with multiple turnover (116) . This enzyme can be made to cleave almost any RNA substrate, provided that it contains the sequence 5Ј-AUG-3Ј located immediately downstream from the cleavage site. There are three C5-imidazole-deoxyuridine residues that are essential for catalysis, one that pairs with the adenosine immediately downstream from the cleavage site, and two others located within the stem portion of the catalytic core. The 16.2-11 enzyme requires Zn 2ϩ for its catalytic activity with a maximum catalytic rate of 3.1 min Ϫ1 in the presence of 30 M Zn 2ϩ at pH 7.5 and 37°C. It has 100-to 1000-fold lower activity in the presence of optimal concentrations of Cd 2ϩ , Mn 2ϩ , or Mg 2ϩ . The catalytic rate of the 16.2-11 DNA enzyme increases log-linearly with increasing pH over the range of 5.9 -7.9 (116). This is not what one would expect if an imidazole group was acting as a general base (assuming that the measured catalytic rate reflects the chemical step of the reaction). Instead, one or more of the imidazole groups may bind a Zn 2ϩ ion that assists in deprotonation of the 2Ј-hydroxyl adjacent to the cleavage site. Compared to most unmodified RNAcleaving DNA enzymes, the imidazole modification makes it possible to achieve a faster catalytic rate with fewer nucleotides in the catalytic core and a much lower concentration of metal cofactor. Compared to most ribonuclease proteins, however, the imidazole-DNA enzyme has a much slower catalytic rate and a less sophisticated catalytic mechanism.
Another study involving functionally enhanced DNA enzymes sought to mimic more explicitly the catalytic mechanism of ribonuclease A (117). This mechanism involves two histidines, a lysine, and an aspartate at the active site that bring about a catalytic rate enhancement of about 10 11 -fold (118) . A population of 10 12 random-sequence DNAs was constructed, each molecule containing C8-imidazole-deoxyadenosine in place of deoxyadenosine and C5-aminoallyl-deoxyuridine in place of thymidine (Figure 3b ). These analogs were designed to provide the functionality of histidine and lysine, respectively. Each molecule contained only 20 random nucleotides, and the substrate domain contained a single ribonucleotide embedded within DNA. The reaction was triggered by the addition of 200 mM NaCl but without a divalent metal.
Nine rounds of in vitro selection were carried out, progressively decreasing the reaction time from 60 to 5 min (117). Twenty-five individuals were isolated from the final selected population, and one of these (designated 9 25 -11) was chosen for further study. It has a catalytic rate of 0.044 min Ϫ1 , measured in the presence of 200 mM NaCl at pH 7.4 and 37°C. The rate does not increase upon addition of Mg 2ϩ or other divalent metal ions. The pH optimum of the reaction is 7.4 with decreased activity at lower and higher pH, consistent with one or more imidazole groups acting as a general acid base. Activity is lost when all of the modified nucleotides are replaced by standard nucleotides, but it is not known which modified residues in particular are essential for catalysis.
It was possible to separate the substrate and catalytic domains of the 9 25 -11 molecule, resulting in a 31mer modified DNA enzyme that cleaves a 15mer RNA substrate with multiple turnover with a catalytic rate of about 0.009 min
Ϫ1
(measured in the presence of 500 mM NaCl at pH 7.9 and 27°C) (119) . As was the case with the Na ϩ -dependent, RNA-cleaving DNA enzyme (67) , this doubly modified DNA enzyme demonstrates that it is possible to achieve RNA-cleavage activity at near-neutral pH without the benefit of a divalent metal ion. However, the catalytic rate of the modified DNA enzyme remains disappointingly slow, especially in comparison to protein ribonucleases.
The ability of DNA to catalyze RNA cleavage under conditions of varying pH was evaluated by carrying out five parallel lineages of in vitro evolution, selecting for activity at pH 3.0, 4.0, 5.0, 6.0, or 7.0 (120) . The starting population contained 70 random-sequence nucleotides, and the substrate domain contained a single ribonucleotide. No modified nucleotides were employed, but under the lower-pH conditions deoxyadenosine and deoxycytidine residues will tend to be protonated at N1 and N3, respectively, in effect behaving as modified nucleotides (Figure 3c ). The reaction was triggered by adding a cocktail of metal ions that included 100 mM KCl, 400 mM NaCl, 8.5 mM MgCl 2 , 5 mM MnCl 2 , 1.25 mM CdCl 2 , and 0.25 mM NiCl 2 .
Seven rounds of in vitro selection were carried out at pH 4.0; then the population was split into five different lineages, one for each of the different pH conditions (120) . Nine more rounds of selective amplification were carried out for the pH 3.0 and 4.0 lineages, and 17 more rounds were carried out for the pH 5.0, 6.0, and 7.0 lineages, introducing random mutations at a frequency of 10% per nucleotide position prior to rounds 8 through 12 in each case. It is likely that the diversity of the population was severely restricted by funneling all of the lineages through the initial seven rounds of selection at pH 4.0. This was compensated, however, by the high level of mutagenesis that was performed in the five subsequent rounds. The reaction times were decreased progressively in the latter rounds to maintain stringent selection pressure on the populations.
EVOLUTION OF NUCLEIC ACID ENZYMES
Individuals were isolated from each of the final populations. Catalytic motifs were recognized that were unique to each lineage, and characterized with regard to their catalytic properties (120) . The pH-3.0 catalyst requires only monovalent ions and has a catalytic rate of 0.023 min Ϫ1 in the presence of 500 mM Na ϩ at pH 3.0 and 23°C. Its catalytic rate drops off rapidly at higher or lower pH. The pH-4.0, pH-5.0, and pH-6.0 catalysts all require one or more divalent metals for their activity and have a pH optimum within 0.2 units of the condition under which they were selected. In optimum conditions, the catalytic rate of these molecules is 1.1, 0.72, and 0.25 min Ϫ1 , respectively. Only the pH-7.0 catalyst exhibited more conventional behavior with a log-linear increase in rate with increasing pH and dependence on a Mn 2ϩ cofactor that likely assists in deprotonation of the 2Ј-hydroxyl adjacent to the cleavage site.
The limited exploration of functionally enhanced DNA enzymes that has taken place so far has not led to a dramatic increase in catalytic rates. Perhaps nucleic acids are lacking something in addition to the broader range of functional groups that occur in proteins. It is difficult, for example, for nucleic acids to establish a deep hydrophobic pocket that is shielded from bulk water. Nucleic acids may be hampered by their highly polyanionic nature, which requires extensive charge neutralization in order to draw several subunits into close proximity. They also have a lower density of functional groups compared to proteins; this makes it more difficult to form a compact active site. Yet, combining the methods of in vitro evolution with the ability to synthesize nucleotide analogs might help address these limitations, and the repertoire of nucleic-acid-based catalytic function will continue to expand, certainly going well beyond what has been observed among the naturally occurring nucleic acid enzymes.
LESSONS LEARNED Evolution Follows the Most Expedient Pathway
As mentioned previously, an adage in directed evolution is "you get what you select for," which refers to both the intended and unintended selection pressures that are imposed on an evolving population of molecules. As a corollary, the solution obtained is the one that is easiest to realize in the short run. This may be advantageous, provided that the selection constraints lead most expeditiously to the desired phenotype. However, difficult phenotypes may be inaccessible because they are eclipsed by a simpler way of meeting the selection constraints. For example, in the study that sought to obtain histidine-dependent, RNAcleaving DNA enzymes by triggering the reaction by the addition of 20 mM L-histidine and 0.5 mM MgCl 2 , the resulting catalysts utilized Mg 2ϩ rather than histidine as a catalytic cofactor (66) . The 40-fold concentration advantage in favor of histidine was insufficient to overcome the greater difficulty of position-830 JOYCE ing histidine rather than Mg 2ϩ to assist in catalysis. Histidine-dependent enzymes could be obtained only when divalent metals were excluded from the reaction mixture (68) .
The problem of expediency becomes more challenging when a difficult phenotype must be accessed through several successive in vitro evolution experiments. One aims to discover a series of evolutionary intermediates along the route to the desired phenotype. However, Darwinian evolution has no obligation to follow the planned route and responds only to the task at hand. The best intermediate solutions may in fact preclude the opportunity to reach the final desired behavior. This was nearly the case in the tortuous path that led from the class I ligase to the 18.12.23 polymerase ribozyme (15, 16, 17, 21) . Fortunately, a narrow passageway was discovered; at one point, it involved identification of only 1 of 74 cloned individuals that had the desired properties. A good evolutionary engineer seeks to establish a succession of selection constraints that lead inexorably to the desired phenotype, although in practice this may be difficult to achieve.
Beware the Tyranny of the Small Motif
A smaller motif will be present in greater copy number compared to a larger one within a population of random-sequence nucleic acids. Unless the larger motif has a substantial selective advantage, it will not overcome the disadvantage in copy number during successive rounds of selective amplification. This was the case with the 8-17 RNA-cleaving DNA enzyme, which has a catalytic core of only 13 nucleotides and was rediscovered in several independent in vitro selection experiments. Within the catalytic core, there are several permissible sequence variations, adding to the effective copy number of this motif within the starting population. It may be desirable to obtain the smallest motif that can catalyze a particular reaction. However, a small motif is more constrained than a large one with regard to subsequent evolutionary opportunities because it contains fewer nucleotides that can vary in a combinatorial manner. One remedy is to attach a random-sequence domain to a preexisting small motif, thereby providing a more diverse set of permissible sequences.
The tyranny of the small motif often is abetted by the timidity of the experimenter. It is common practice to employ less stringent selection constraints during the early rounds of in vitro evolution to ensure that there will be many survivors. The selection constraints then are made more stringent to weed out the less advantageous individuals. This approach has two important advantages. First, it maintains greater genetic diversity in the population, which provides greater opportunity to discover novel variants that have even more advantageous behavior. Second, it provides a more robust signal of functional molecules that can be distinguished from the inevitable noise that arises during selective amplification. However, the advantage of greater genetic diversity only applies if one carries out mutagenesis and/or recombination to explore variants of the selected individuals. Also, the desire to obtain a robust signal usually is 831 EVOLUTION OF NUCLEIC ACID ENZYMES motivated by anxiety regarding the progress of the experiment rather than an awareness of signal versus noise. The main disadvantage of being too lax during the early rounds of in vitro evolution is that it allows small motifs to gain in copy number, making it even more difficult to supplant them later should a more advantageous variant arise.
Declaring Wild Type Is Inadvisable but Often Unavoidable
An ideal in vitro evolution experiment would involve stringent selection pressure, even in the early rounds, compensated by the continued introduction of genetic variation. As discussed above, it is important to maintain genetic diversity in the population to enable a broad exploration of potentially advantageous sequences, biased by what has proven successful in the past. By restricting the population to a single individual, no matter how advantageous, the fine structure of the population is lost. Yet there often are practical reasons for declaring wild type, such as when the desired phenotype is rare and no longer being enriched or when the population is becoming overwhelmed with PCR artifacts. During the evolutionary development of the 18.12.23 polymerase ribozyme, for example, it was necessary to declare wild type on three occasions (15) (16) (17) 21) .
In some instances, one declares wild type not out of necessity but because an especially interesting individual has been identified as a result of a screening procedure. Surprisingly, no one has taken this to the extreme and carried out high-throughput screens to survey very large numbers of individuals that have been isolated from an evolved population of nucleic acids. High-throughput screening is a mature technology in the areas of combinatorial chemistry and protein engineering, where in vitro selection and evolution are more problematic. Similar procedures could be applied to catalytic nucleic acids, not as a replacement for selection and evolution, but as a way to augment the process of declaring wild type, should it be necessary.
Diversity Management Needs to Be Considered More Rigorously
Most investigators recognize the importance of maintaining diversity during the course of an in vitro evolution experiment to conduct a broad search for novel variants that might have improved catalytic properties. However, the introduction of diversity, usually through error-prone PCR, tends to be carried out in an ad hoc manner. The diversity of the population is seldom measured prior to mutagenesis, and the timing and degree of mutagenesis usually is chosen on the basis of habit or instinct. There is a well-established theoretical framework to guide efforts to balance the loss of diversity due to selection with the introduction of diversity due to mutagenesis (121, 122) . Ideally, diversity should be introduced following each round of selective amplification with the degree of diversification determined by the distribution of genotypes and phenotypes in the population.
Methods for diversity management need to be developed, especially those involving high-throughput sampling and profiling of the evolving population. It is straightforward to characterize the aggregate genotype of the population, for example, by digesting with a cocktail of restriction enzymes (15) or by ensemble sequencing. It would be more informative to employ modern DNA sequencing methods to determine the genotype of a representative number of individuals isolated from the population. This would be useful not only for diversity management but also for recognizing sequence covariation and conserved nucleotide positions that help to define a catalytic motif.
Serendipity Counts
There are many examples of evolved catalytic properties that are not what was explicitly selected but that are desirable nonetheless. The 8-17 DNA enzyme, which was selected for RNA-cleavage activity in the presence of millimolar concentrations of Mg 2ϩ , turned out to be more active in the presence of micromolar concentrations of Pb 2ϩ (73) . The latter property was useful for the development of Pb 2ϩ sensors (77) . The 10-23 DNA enzyme was not selected for high-substrate sequence specificity or rapid product release, but it was found to have these useful properties once the catalytic and substrate domains were separated. These gifts of Darwinian evolution should be welcomed. One should not expect to obtain a property that is not beholding to the selection constraints, but analysis of the evolved individuals may reveal some interesting phenotypes. You get what you select for. . . and sometimes a whole lot more.
